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ABSTRACT
Various strategies have been established to enhance the extracellular electron transfer and
energy output capability of microbial fuel cells, with the majority being aimed at anode modification. The anode has a significant impact on the electricity generation performance of MFCs because it is in direct contact with the microorganisms. The materials of the anode should be favorable for the bacterial cell and capable to facilitate the electron transfer. Developing of an electrode using low-cost and effective materials assists to enhance the bacterial cell attachment and
extracellular electron transfer. This provides a significant improvement in MFC performance. In
this study, clay used as a new material to modify the ITO (indium tin oxide) electrode in order to
enhance the attachment and the current production of Shewanella oneidensis MR-1. Two types
of clay containing different amounts of iron situated in the octahedral sites were used to modify
ITO electrodes, namely nontronite NAu-1, and montmorillonite (Wyoming) SWy-1. Synthetic
montmorillonite SYn-1 which is iron-free clay was used for comparison. The interaction between the bacterial cells and the clays studied by potential-step chronoamperometry, cyclic voltammetry, confocal microscopy, and scanning electron microscopy (SEM). The obtained results
showed that the current densities generated upon ITO electrode modification using the NAu-1
and SWy-1 iron-containing clays were 19 and 3 times higher than that produced using the bare
ITO electrode. No current density was obtained when utilizing the synthetic montmorillonite
SYn-1 clay. SEM and confocal microscopy observations confirmed the increased coverage percentage of the bacterial cells attached to NAu-1/ITO and SWy-1/ITO electrodes compared to
xiv

the bare ITO. Clay film porosity, particle size, film thicknesses, and surface hydrophilicity of the
clay-modified electrode were examined. The results indicated that iron the clay worked as a mediator in the clay film transferring the electrons and attracted bacterial cells to attach to the
CMEs.

xv

CHAPTER ONE
AN INTRODUCTION TO THE MICROBIAL FUEL CELL AND THE CLAY-MODFIED
ELECTRODE
The goal of this study is to investigate whether iron-containing clay can serve as a mediator for
electron transport in microbial fuel cells. This may enhance current output if bacteria preferentially colonize the surface and simultaneously can use the iron as a mediator.
In our world today, the electrical and energy demands are met by the use of fossil
fuels. Fossil fuels are primarily obtained by the decay of plants and animals. Most of the environmental problems that we are exposed to such as climate change, acid rain, air pollution and
oil spills are as a result of this method of generating energy.1 For example, coal emits carbon dioxide into the environment thereby contributing to the greenhouse gas emission. In addition, in
the oil and gas industry, the burning of oil releases pollutants into the atmosphere and contributes
to global warming. Therefore, technological advancement into a new and healthy way of generating energy is necessary. It is, thus, no surprise that vast research is being done in the field of
microbial fuel cells.2-3
Organic compounds have energy stored in their chemical bonds. Microbial Fuel Cells
(MFC’s) convert this energy to electrical energy and this is mainly accomplished by the catalytic
reactions of microorganisms. Essentially, MFC’s use bacteria to biodegrade organic matter.4
Bacteria are generally freely available all around us. The cost of the bacteria is free, and the only
cost associated with MFC’s is the cell. Furthermore, bacteria are diverse and specific colonies
can be cultivated depending on the waste need. A major use of MFC is in wastewater treatment.
The associated benefits are safe, clean, low emissions and high efficiency.5

1
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Operating principles of an MFC:

Figure 1. Schematic diagram of a typical MFC 6
Figure 1 shows a schematic diagram of a dual-chamber MFC. In the cell, there are anodic and cathodic chambers that are separated by a proton exchange membrane. The bacteria at
the anode oxidizes the chosen substrate and in doing this, electrons and protons are generated.
The oxidation product is carbon dioxide. The anode absorbs the electrons produced and transfers
them to the cathode via an external circuit. The protons are transferred to the cathode through the
proton exchange membrane. In the cathodic chamber, the protons combine with oxygen to form
water.
Anode reaction:
𝐶𝐻" 𝐶𝑂𝑂# + 𝐻/ 𝑂 → 2𝐶𝑂/ + 2𝐻0 + 8𝑒 #

Equation 1

Cathode reaction:
𝑂/ + 4𝐻0 + 4𝑒 # → 2𝐻/ 𝑂

Equation 2

Electricity is produced by the breakdown of the substrate to form carbon dioxide and water as
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shown in Equations 1 and 2. It is essential that the anodic chamber is anaerobic, and the cathodic
chamber is aerobic in order to produce electricity. There are various terminal electrode acceptors
that may be used such as hydrogen peroxide, ferricyanide, and oxygen.8 Since oxygen is sustainable and freely accessible, it is considered most suitable as an electron acceptor.
Design of the MFC:
In 1903, Potter showed the concept of an MFC .4 However, the concept only became feasible in the 1980s by the introduction of electron mediators. Table 1 shows the basic components
of an MFC.
Table 1. Components of the MFC 4
Item in an MFC

Materials

Anode

Graphite, graphite felt, carbon paper, carbon-cloth, Pt, Pt black,
reticulated vitreous carbon (RVC)

Cathode

Graphite, graphite felt, carbon paper, carbon-cloth, Pt, Pt black,
RVC

Anodic chamber

Glass, polycarbonate, Plexiglas

Cathodic chamber

Glass, polycarbonate, Plexiglas

Proton exchange

Proton exchange membrane: Nafion, Ultrex, polyethylene.poly

system

(styrene-co-divinylbenzene); salt bridge, porcelain septum, or
solely electrolyte

Electrode catalyst

Pt, Pt black, MnO2, Fe3+, polyaniline, electron mediator
immobilized on anode

4
There is another type of MFC cell which is a single chamber MFC. The single-chamber
MFC contains only an anodic chamber. The cathode is immersed in the same chamber as the
anode. Hence both the anode and the cathode are subjected to the same conditions.7 The single
chamber is the most interesting to use in real applications of the MFC. This is mainly due to its
simplicity of design and elimination of airflow, reducing the energy requirements of the system.8
Microbes used in an MFC:

There are various microorganisms that can be used for the reaction with substrates, and
these microorganisms can be sourced from fresh water, soil and wastewater sediments, marine
sediment and activated sludge. Geobacter, and Shewanella were the most used microbe in MFC.
Other types of microbes such as Actinobacillus succinogenes, Clostridium butyricum,
Escherichia coli, Streptococcus lactis, and Lactobacillus plantarum also used in MFC.4 The
most common substrates used for the microbes are glucose, acetate, starch, lactate, molasses, and
sucrose.9
Watson and Logan compared the power densities and oxygen-reduction potentials of
microbial fuel cells containing a pure culture of Shewanella oneidensis MR-1 and mixed cultures
of bacteria. Their findings showed that the mixed culture generated 60-480% more energy than
the pure culture.10 Hence, in some applications the use of pure cultures is beneficial; whilst in
other applications mixed cultures provide better efficiency.
Applications of MFCs:
1- Electricity generation:
The biomass contains chemical compounds and the chemical energy stored within these
compounds can be converted into electrical energy using MFC’s. Generally, the amount of
electrons released at the anode is relatively low and one method of overcoming this is to store the
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electrical energy in rechargeable devices and then distribute to end users when necessary. MFC
is able to power small systems and wireless sensors that required low power transmit signals.11-12
2- Hydrogen production:
MFCs can be easily adjusted to produce hydrogen instead of electricity. Under normal
conditions, the anodic reaction produced protons that migrate to the cathode and combined with
oxygen to form water which is thermodynamically unfavourable. This energy barrier can be
overcome by increasing the cathode potential in an MFC circuit. In this process electrons and
protons produced by the anodic reaction are combined at the cathode to form hydrogen. The
advantage of producing hydrogen is that there is no concern about oxygen leak into the anodic
chamber. In addition, the hydrogen produced can be stored for later usage.13 Thus, MFCs supply
a renewable hydrogen source that can be added to the overall hydrogen needed in a hydrogen
economy.14
3- Wastewater treatment:
Earlier in 1991, MFCs considered using for treating wastewater. Wastewater contains
acetate, butyrate, and propionate. These organic compounds can be used to produce carbon
dioxide and water. In general, water treatment using MFC’s is effective and electrical energy is
produced. A system combining both electrode and anode is particularly appropriate for
wastewater treatment because more organics can be biodegraded by a variety of organics. MFCs
using special microbes that have the ability to remove sulfides as desired in wastewater
treatment.15
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4- Biosensor:
The proportional relation between the current efficiency yield of MFCs and the
wastewater made MFCs possible biological oxygen demand (BOD) sensors.16 MFC-type of
BOD sensors is favourable compared to other types of BOD sensor because they have
outstanding running stability and good reproducibility and accuracy. This type of BOD sensor
build with the microbes enhanced with the MFC can be kept working for over 5 years without
extra maintenance.16
Shewanella oneidensis MR-1:
Shewanella oneidensis MR-1 is the used microbe in this project. Shewanella oneidensis
MR-1 is a facultatively anaerobic, motile, and nonfermenting bacterium. S. oneidensis MR-1 has
the ability to live in an environment with and without the presence of oxygen and it is generally
found at the bottom of the ocean or in soil or sediments. It is one of the primary families of bacteria and is well known for the different terminal electron acceptors that they can reduce.17 Shewanella oneidensis is a potential bio-electrochemical catalyst in the MFC technology so it continues to get the researchers' attention for energy production.

Figure 2. SEM image of the Shewanella oneidensis MR-1 bacterium 18
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Respiration pathway:
As with other bacteria that are used in microbial fuel cells, during aerobic respiration,
Shewenella oneidensis bacterium has the ability to use oxygen as the terminal electron acceptor.
Interestingly, dur\ch as Mn (III), Fe (III), nitrate, fumarate, thiosulfate, trimethylamine N-oxide,
dimethyl sulfoxide, sulfite, and elemental sulfur.19 Shewanella oneidensis is an anaerobic bacterium that is capable of respiring a multitude of electron acceptors. The Mtr pathway comprises a
periplasmic c-type cytochrome (MtrA), an outer-membrane-anchored c-type cytochromes (MtrC
and OmcA) and an integral outer-membrane β-barrel protein (MB).20 These components work
together to enable the transfer of electrons from the c-type cytochrome CymA in the cytoplasmic
membrane to the electron acceptors.

Figure 3. Schematic of anaerobic glycolysis (left) and the basic extracellular electron transfer
pathway (right) in Shewanella oneidensis MR-1.
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In anaerobic respiration as shown in Figure 3, after the glycolysis where glucose is transformed to two pyruvate molecules in the cytosol, either ethanol or lactate can be generated as
shown in Equations 3 and 4.
Equation 3:
𝐺𝑙𝑢𝑐𝑜𝑠𝑒 + 2𝐴𝐷𝑃 + 2𝑃1 + 2𝑁𝐴𝐷0 → 2 𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 2𝐴𝑇𝑃 + 2𝑁𝐴𝐷𝐻 + 2𝐻0 + 2𝐻/ 𝑂
Equation 4:
𝑃𝑦𝑟𝑢𝑣𝑎𝑡𝑒 + 𝑁𝐴𝐷𝐻 + 𝐻0 → 𝐿𝑎𝑐𝑡𝑎𝑡𝑒 + 𝑁𝐴𝐷 0
The lactate produced from the glycolytic cycle transfers electrons from cytosol to the inner membrane (IM) in the presence of lactate dehydrogenase. Electrons are delivered to CymA
by menaquinol. After that, electrons are transferred through the MtrAB complex from CymA to
MtrC and OmcA in the outer membrane (OM). Electrons can be transferred from MtrC and
OmcA to terminal electrons acceptor such as metal oxide or electrode.
Electron transfer mechanisms in the MFCs using Shewanella oneidensis MR-1:
There are three predominant electron transfer mechanisms in the microbial fuel cells using Shewanella oneidensis MR-1, namely direct electron transfer (DET) through the outer membrane cytochrome or the microbial nanowires (as appears in Figure 6) , and mediated electron
transfer (MET) through shuttle molecules.21 Figure 4 below shows the electron transport
mechanisms during the anaerobic condition of Shewanella oneidensis MR-1.

9

Figure 4. Electron transfer mechansmis during the anaerobic growth of Shewanella oneidensis
MR-1.
Cytochromes proteins contain c-haem, namely, iron coordinated by protoporphyrin IX
that is covalently connected to the peptide by thioether bonds as shown in Figure 5 below.
Thioether bonds commonly emerge from a Cys-X1-X2-Cys-His haem-binding motif that gives a
His axial ligand to the haem iron and where X can be any amino acid. His/Met axial ligation of
the haem iron in the mono-haem cytochromes c contributes significantly and have wellestablished functions as electron shuttles in both aerobic and anaerobic respiration.22 Multi-haem
cytochromes are realized by the presence of two or more c-haems that are positioned to bring the
adjacent iron within 15.5 A.23-24 The electron transfer (ET) through a series of intraprotein ET
steps involving the ferric/ferrous redox couple were supported by His/His axial ligation in the
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haems. Indeed, this concept of electron transport over several nanometers along a protein
cofactor chain is widely used in bioenergetic systems.25

Figure 5. Haem c structure includes covalent thioether linkages to the protein (left) and binding
of haem c via the C-X1-X2-CH-binding motif (providing the proximal axial histidine ligand) and
with histidine as the distal axial ligand (right).26
Direct electron transfer through microbial nanowires:

Figure 6. The electron hopping model for nanowire of Shewanella oneidensis MR-127
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Conductive pili are able to convey electrons directly from the bacterial membrane to the
electrode in a metal-like conductivity. The cellular appendages are micrometer in length and
show electric conductance similar to those of synthetic semiconducting materials.28 Electron
hopping mechanism between cytochromes is the current model for electron conduction along S.
oneidensis nanowires as shown in Figure 6.29-32 The initial evidence of an electron hopping
mechanism was the finding that non-conductive nanowires were formed by a strain missing
genes for the outer surface cytochromes MtrC and OmcA.29-30 A theoretical model showed that a
multistep hopping model along cytochrome chains might account for S. oneidensis pili conductivity, considering the cytochromes are aligned with each other. The pili with spacing within 0.7
nm, which would allow enough electronic coupling with electron transport rates up to 109/s.31
Mediated electron transfer (MET):
Soluble redox mediators such as flavins, quinones, and phenazines are excreted and these
serve as electron shuttles for many oxidation-reduction cycles. Shewanella oneidensis MR-1 can
biosynthesize mediators to enable electron transfer to the terminal electron acceptor. These
mediators are: flavinmononucleotide (FMN) and riboflavin (RF) and they are produced by the
bacteria. The concentration of the FMN and RF produced by Shewanella oneidensis MR-1 were
2.9 and 2.1 μmol per gram of cellular protein, respectively.33 Both mediators have been shown to
be redox shuttles in anaerobic as well as aerobic conditions.28
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Figure 7. Electron shuttling between the OM c-Cyts (MtrC and OmcA proteins) and the electrode surface via FMN and RF. 34
Electron shuttling through self-secreted soluble flavin(s) governs the EET process in
Shewanella oneidensis MR-1. Initial researches suggested that FMN and/ or RF work as
diffusing electron shuttles between outer membrane c-Cyts and the electron acceptors via a twoelectron redox reaction of free flavins as shown in Figure 7 (left) and Equation 5.35
𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑓𝑜𝑟𝑚[𝑂2 ] + 2𝐻0 + 2𝑒 # → ℎ𝑦𝑑𝑟𝑜𝑞𝑢𝑖𝑛𝑜𝑛𝑒N𝐻3 O

Equation 5

A recent study suggested that FMN and RF function as a cofactor linked to the MtrC and
OmcA proteins under respiratory anaerobic electron pathway conditions, forming a semiquinone
(Sq) and stimulating the reaction through a one-electron reaction. As shown in Figure 7 (right)
and Equation 6. This way of the redox reaction gave more thermodynamically favorable electron
transfer kinetics than the free-form of FMN and RF two-electron cycle in the shuttle system. 34
𝑜𝑥𝑖𝑑𝑖𝑧𝑒𝑑 𝑓𝑜𝑟𝑚[𝑂2 ] + 1𝐻0 + 1𝑒 # → ℎ𝑦𝑑𝑟𝑜𝑞𝑢𝑖𝑛𝑜𝑛𝑒N𝑆3 O

Equation 6

Herein clay used to modify the ITO which is the working electrode. it used as an
alternative oxidized surface. Clay modified electrode had been widely used in multiple
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applications. In this project, iron content clays were used to enhance the efficiency of the current
and attachment of Shewanella oneidensis MR-1. Following is a brief background of the clay,
clay-modified electrode and its applications.
Clay chemistry background:
Clay definition and composition:
Clay can be defined as naturally existing material constituted majorly of fine-grained
minerals, which usually harden when burned or dried. The primary minerals distinguished in
clay are mostly silicates, which are less than two microns in size.36 Additionally, clay materials
are produced from a process referred to as chemical weathering which occurs on the surface of
the earth and contributes approximately 40% of the fine-grained sedimentary rocks, which includes shales, mud stones, and clay stones.37-38 The distinct crystal structures and the tiny size of
the particles offer clay materials distinctive properties such as swelling behavior, low permeabilities, cation exchange capabilities, and catalytic abilities.39 On this regard, the clay minerals are
utilized in pharmaceuticals, to increase the lifespan of rubber in tires, as catalysts in many industries, in paper coatings to produce whiteness, to allow the proper absorption of ink, in concrete,
to purify oils, in the ceramic industry to make bricks, and a lot more processes.40
The chemical and physical properties of specific clay mineral are based on the composition and structure.41-42 On this regard, the composition and structure of the primary industrial
clays such as palygorskite-sepiolite, smectite, kaolins, and illite are very distinct even though
each is composed of tetrahedral and octahedral sheets as their fundamental building block. Nevertheless, the composition and arrangement of the tetrahedral octahedral sheets explain most of
the differences in their chemical and physical properties.43
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The ionic bonds between the cations; sodium, aluminum, magnesium, silicon, and oxygen are the most significant bonds in clay minerals.44 Clay minerals are usually layer silicates or
phyllosilicates.38 The minerals possess a platy morphology as a result of the arrangement of atoms in the structure. Accordingly, there are two fundamental parts to the structure: a sheet of
edge-sharing octahedral and a sheet of corner-connected tetrahedral.39

Figure 8. Clay structural units tetrahedral and octahedral 45
Tetrahedral:
The tetrahedron solid geometric form is used to represent the arrangement of atoms in
clay mineral crystal structures. As shown in Figure 8 the structure is formed by the connection of
the four oxygen anions, which surrounds a central cation.46 In this type of clay mineral; the main
central cation is silicon. However, some tetrahedrons are occupied by aluminum and sometimes
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ferric iron among other elements. Hence, the aluminum or the silicon ion is encircled by four
oxygen ions to constitute a tetrahedron solid geometric form, resulting to the secluded tetrahedron having a net negative charge of (-4) which constitute the four oxygen (O) with (2-) charges
and the silicon(Si) with (4+) charges.39
The tetrahedral lies on a triangular surface and the four triangular sides of the tetrahedron
are designed by connecting to the centers of the anions.47 Accordingly, in the clay minerals, only
the apical oxygen maintains a charge of (-1) as the three other oxygen atoms at the base of the
tetrahedron are shared with neighboring tetrahedral leading to the formation of a tetrahedron
sheet as shown in Figure 8. The silicon ions may be freely substituted by the Aluminum ions.
This results in each atomic plane in the tetrahedral sheet having a distinctive charge and composition. The composition of the tetrahedral sheet is commonly Si4O10 with a net charge of (-4).39
Octahedral:
As shown in Figure 8 the octahedral sheet has the cations in the center and the hydroxyl
atoms (OH) in the corners.48 In this case, the cations are commonly magnesium (Mg), aluminum
(Al), and iron (Fe) atoms. Specifically, this sheet is constituted of tightly packed hydroxyl and
oxygens in which Mg, Al, and Fe atoms are aligned in octahedral coordination. The isolated AlOH octahedron has a net charge of (-3) which comprises the Al with a charge of (3+) and the six
OH with charges of (1-) charge each.41 Through the sharing of anions by neighboring octahedral
the resultant octahedral sheet usually has a reduced charge, as the remaining available three
bonds are usually directed to other hydroxyl groups. In this case, only two-thirds of the probable
positions are usually filled to stabilize the charges when aluminum with a positive valence of
three (Al3+) is present in the octahedral sheet. Hence the sheet is called a dioctahedral sheet,
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where only two octahedral sites are filled with trivalent cations. On the other hand, when all
three positions are filled by divalent cations, a trioctahedral sheet is formed due to the presence
of magnesium with a positive charge of two (Mg2+) is present.50 In this case, by sharing all hydroxyl groups at the corners of an octahedral with adjacent octahedral, the octahedral sheet is
constituted as shown in Figure 8. The octahedron contains six upper plane hydroxyls, four aluminum atoms, and six lower plane hydroxyls, with a formula of Al4(OH)12 and a net charge of
zero.47
Clay layers:
The above-mentioned fundamental building blocks are connected in clay minerals to constitute sheets of magnesium or aluminum octahedral and silica tetrahedral. The octahedral sheet
and the silica tetrahedral sheet are linked in two possible ways.51 First, is the 1:1 layer silicate
structure, where there are one tetrahedral and one octahedron sheet. As shown in Figure 9 (left)
one hydroxyl of the octahedral sheet is replaced by the apical oxygen of the tetrahedral sheet to
constitute what is called the 1:1 clay mineral layer such as kaolinite. Secondly, is the formation
of 2:1 layer silicate structure which constitutes one octahedral and two tetrahedral sheets as
shown in Figure 9 (right). In this case, the apical oxygen of the tetrahedral sheet replaces the 2/3
of hydroxyls in the octahedral sheet between two tetrahedral sheets to form 2:1 clay mineral
layer such as illite, and Montmorillonite.46
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Figure 9. Structure of 1:1 and 2:1 clay mineral 52
The clay mineral formation relies on the nature of the materials for starting, physicochemical conditions of the immediate weathering environment, and other related factors affecting the external environment which results into formation of different types of clay materials.
Similarly, the potential of application of any clay mineral type will naturally depend on its structure, chemical composition, and other inherent properties. About this, different groups have been
used to classify clay minerals as follows; Chlorites, Kaolinite, Vermiculite Illite, and Smectite.53
Clay layers can be arranged in either an edge to face (EF), an edge to edge (EE), or a face
to face (FF) arrangement. The edge to face arrangement occurs as a result of the interaction between the negatively charged clay faces with the positively charged edges. In the face to face
structure, the faces arrange in a parallel model. The region between the clay layers in the face to
face arrangement called the interlayer area. This interlayer zone controls many of the features of
the clay film.54
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Clay properties:
Isomorphous substitution in clay:
Heterovalent isomorphous substitution (indicated as isomorphous substitution) means the
replacement of a cation in the lattice by a cation of lower charge and around equal size. For example the substitution of Si4+ by Al3+ in the tetrahedral sheets, Al3+ by Mg2+ in octahedral sheets
of dioctahedral layers, and Mg2+ by Li+ in octahedral sheets of trioctahedral layers.55 Fe3+ can replace Si4+ in tetrahedral sheets; Fe2+ and Fe3+ can substitute for Al3+ in octahedral sheets.56 The
appearance of an excess negative charge occurs as a result of isomorphous substitution. This excess of negative charge is compensated by cations. These cations do not relate to the structure
and are exchangeable by other cations. They are called exchangeable cations.57
Cation exchange capacity of clay:
Cation exchange capacity (CEC) is the total number of cations that can be exchanged by
another cation on the surface of a clay mineral. It is represented in cmol(+)/kg, which is equivalent to meq/100 g, where mol(+) represents moles of electrical charge. There are two structural
components of CEC. As shown in Figures 8 and 9, the O atoms at the edges of clay layers are
unsaturated and pick up protons from the aqueous environment, hence creating surface OH
groups. Depending on the pH conditions, those O atoms can pick up a proton or lose their proton.
In the case of acidic conditions, the edges are positively charged while at al]kaline pH they are
negatively charged. In between, there is a pH at which the sum of both charges positive and negative are equal. This is named the point of zero charge. The OH groups at the edges are bonded
to Si, Al, or Mg. The edges protons are exchangeable, and charge rising from these edge sites is
pH-dependent and increases with increasing pH. This called the pH-dependent CEC.58
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Isomorphous substitution of Si by Al in the clay sheets caused an increase in the nega4+

3+

tive charge of the clay. This increase in the negative charge leads to hold the exchangeable cation. This caused an increase in the cation exchange capacity of clay.
Swelling of clay:
Swelling is the natural extension of the interlayer area of clay. Swelling occurs due to the
adsorption of molecules, primarily cations, in the interlayer space. The swelling process is affected by the clay type, the degree of the isomorphous substitution and the exchangeable cation
in the interlayer space. In general, the 2:1 clay swell while the 1:1 clay does not swell. The absence of cations and the existence of hydrogen bonding between layers make the 1:1 clay difficult if not impossible to swell in water and salt solution. Alternatively, the existence of cations in
the interlayer area causes the 2:1 clay layer to swell or expand in water or dilute salt solutions.
The location, kind, and degree of isomorphous substitution in the clay need to be considered. Isomorphous substitution increases the negative charge on clay surface, which increases the
CEC of the clay and changes the geometry of the sheets in which the substitution takes place.
Neither surface charge nor CEC relate directly to the clay swelling.59 However, the location of
isomorphous substitution relates directly to swelling. In general, twisting in the geometry of the
clay tends to lower swelling.60 Substitution in the Oh layer affects swelling more than substitution in the Td layer and this is because of substitutions in the Oh layer changes the geometry of
the clay layer to a high degree.
Experimentally, exchangeable cations type observed to influence clay swelling. The influence can be related to the ion size or to the hydration energy of the cations.61-63 Clay swelling
decreased with decreasing in the ion size or increasing in the hydration energy of the cations.
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There is a relationship between the hydration energy of the salt present in the solution and the
degree of swelling. The concentration of the salt effects swelling. The relationship between the
clay swelling and salt concentration will be explained with experimental data in chapter 3.

Figure 10. Representation of the diffuse double layer with a negatively charged surface
Generally, clay swelling has been modeled by double layer theory. The electric double
layer consists of the Stern layer and the Gouy diffuse layer. Stern layer forms when a layer of
ions is attracted by the charged surface forming a compact layer. In the diffuse or Gouy layer, the
ions are distributed in a diffuse environment. Figure 10 shows a design of the forming double
layer when the negatively charged surface attracts positive ions and repels negative ones.
As shown in Figure 10, Y performs the potential difference between any two points, Y0
is the potential due to the surface charge, Yx is the effective potential at distance x given by
Equation 7
𝜓2 = 𝜓4 𝑒 #52

Equation 7
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k (m ) is a measure of the electrolyte strength given by Equation 8
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Equation 8

Where z is the charge of the ion or species, F is Faraday constant in coulombs, 9.64846x104
C/mol, n is the number of ion in bulk concentration, e is the charge on the electron, 𝜀 is the dielectric constant of the medium (for water at 25 °C, 𝜀= 78.3), 𝜀∘ is a constant called permittivity
(8.85419 X 10-12 C2 J-1m-1), K is Boltzmann constant |(1.381x10-23 J/K), and T is the absolute
temperature. 64
For dilute solution Equation 7 becomes
𝑘 = 𝑧(3.29𝑥10< )(𝐶 ∗ )
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/

Equation 9

Equations 7-9 indicate that the potential decays exponentially with distance as well as
with increasing electrolytes' concentration. When k = 1/x, Y = 0.367Yo, indicating that Y is 37%
of the initial surface potential Y0. This area is called the Debye length (x = 1/k), and it is the
thickness of the double layer.65 The thickness of the double layer relies upon the ionic strength
(I) of the solution. For high ionic strength, the double layer will be small which can be ignored.66
This electric double layer theory is important in this study since it occurs between clay interlayer
during the swelling of the clay.
This study will specifically consider, Nontronite (NAu-1), Wyoming montmorillonite
(SWy-1), and synthetic montmorillonite (SYn-1) clays.
Smectites (NAu-1, SWy-1, and SYn-1):
Smectites have small particle sizes and very thin layers which result in high surface area
and therefore a high level of absorbency of several materials like water, oil, among other
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chemicals. For these reasons, they are significant minerals for industrial utilization as a result of
their high CEC, surface reactivity, high surface area, and adsorptive capacity.48
The Nontronite NAu-1 as indicated by the Clay Minerals Society Source Clays
Repository (CMSSCR) is a ferruginous clay from the Uley Graphite Mine in Australia.67 The
nontronite is composed of ferric iron in the octahedral sheet, but the Fe3+ is partly replaced by
Al3+ and to some extent with Mg2+ in most nontronites. Nontronite has high cation exchange capacity of approximately 74.7 meq/100 g.68
Wyoming montmorillonite (SWy-1) consists largely of Na-rich smectite clay materials
from South Dakota and Wyoming, Montana. Specifically, this type of smectite is montmorillonite and consists primarily of Na exchange cations, flexible and thin crystallites, and high cation
exchange capacity.46 These features result in an exceptional film-forming potential, high aqueous
viscosities, and speedily dispersion in water. These features qualify Wyoming montmorillonite to
be used in several industrial applications.69. Montmorillonite has high cation exchange capacity
of approximately 75 meq/100 g.46-47
On the other hand, Synthetic montmorillonite (Syn-1) has randomly stacked layers, with
a minimum level of ordering. The general structure is composed of layers produced through the
condensation of two tetrahedral sheets and a central octahedral sheet. Additionally, both the octahedral and tetrahedral sheets are made up by piling four planes of anions and filling necessary
spaces with cations. The particular tetrahedral are connected with three nearing tetrahedral resulting to hexagonal structure in the tetrahedral sheet, whereas in the octahedral sheet the twothirds of the available places are occupied by Al3+. The isomorphous replacement substantially in
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the tetrahedral layer, Al for Si , results in a net negative charge to the layers that are stabilized
3+

4+

by hydrated inter sheet cations. It has cation exchange capacity of approximately 70 meq/100 g.70
Reduction of iron in clay by S. oneidensis MR-1 bacteria and the reaction mechanism:
There are several reactions like dissolution, transformation, reﬁnement and reduction
which are involved in the reduction and uptake of trace metals present in clay. Clay surfaces bacteria type, presence of other bacteria, pH and temperatures of soil all are involved in the reduction of Fe (III) in clay. Bacteria present with the clay can play a major role in reduction and uptake of minerals. This is because bacteria can change the charge present on the metal, by cation
exchange method. There is a range of bacteria which can reduce the existing Fe (III) in the smectite clay such as Shewanella oneidensis, Geobacter metallireducens, Pseudomonas mendocina,
and Pseudomonas syringae. Some of them reduce the Fe (III) by up to 90%.71
Bacteria can also alter the swell ability index and other physical, mechanical and chemical properties of minerals present in clay.72 The solubilization of Fe (III) in the clay is also responsible for accelerating the rate of reduction of Fe (III).73 The possibility of re-oxidation of Fe
(III) which is reduced by Shewanella oneidensis MR-1 have been studied.68 The experiment was
carried out on Nontronite (NAu-1) clay of size less than 0.2 μm. Fe (III) was the sole electron acceptor while Na-lactate was the sole electron donor within the clay.
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Figure 11. The bio-redaction of octahedral Fe(III) in clay 74
Figure 11 shows Fe (III) in the clay sheets, which can be reduced chemically or
biologically. In the bio-reduction experiment, structural Fe (III) in the clay serves as an electron
acceptor, while lactate acts as an electron donor. Iron-reducing bacteria attached themselves to
the clay surfaces during bio-reduction. The bio-reduction took about a few weeks for the iron in
the clay to be completely reduced. However, the extent of bio-reduction of iron, and the rate at
which the reduction takes place, is dependent on external factors like the type of microorganisms
present, the type of clay, and the solution chemistry between the clay and the microorganism.75
Thus, bacteria interact with clays extensively. It obtains the energy through the clays by
reduction of metals like iron. Fe (III) is extensively reduced by bacteria specially Shewanella
oneidensis MR-1.
Clay modified electrodes (CME):
The electrochemical features of clay are as a result of the interactions between ordinary
ions, molecules of solvent, and electrically charged particles.40, 76 The allied phenomena and
flocculation represent the impacts of solvent and ions on the particles. The associated impacts are
as a result of the interaction between solvent and particles, although ions may play a significant
role in causing the phenomena.77 In this case, the electrical fields encompassing the particles and

the fabric of the clay affect the behavior of ordinary ions and molecules of solvent.

40, 69
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charges on the particles are the principal attribute which determines the effect of particles on
ions, the feature of the pore space, immobility of the particles, and the relatively large size. The
pore space and the mobility are associated to the consistency of the clay type, which may vary
from a sheet or rigid block to a fluid paste.78-79
Over the years, clay minerals have been a matter of interest due to their availability in nature, which has led to a broad range of their applications. Clay minerals are highly delocalized,
have small soil particles, large surface area to volume ratio. In addition, some clay minerals can
expand significantly and still remain stable at high temperatures.80 Therefore, the use of claymodified electrodes (CMEs) is underpinned on the electrochemical uniqueness shown by clay
minerals including but not limited to selectivity, sensitivity, and longevity. In addition, CMEs are
less costly, locally available in abundance. Consequently, industrialists and scholars alike have
gained unparalleled interests in using CMEs in many areas of socioeconomic and research developments. Environmental conservationists would prefer the use of CMEs to remedy pollution due
to their environmental friendliness nontoxic with negligible wastes
For instance, currently studied by photochemical and spectroscopic methods for intercalation properties of smectites. The interlayers of clay re-established to separate Ru(bpy)32+ systematically from MV2+ and Na+ had been study. Additionally, such unique structural characteristics, special to these clay types, have recently been investigated by different studies. For example, research generated an enantiomeric excess of Co(bpy)+ from a racemic mixture of Co(bpy)2+
by using clay-modified electrodes.76

26
Owing to the reduction-oxidation protein/enzyme reactive nature of CMEs, there is an
emerging trend of usage in enzyme trapped systems as glucose biosensors. Glucose oxidase
(GOx) enzyme from Aspergillusniger is stabilized between the clay mineral multilayer and stable
immobilization of enzymes on the surface of the electrode.81 Additionally, hydrogenase can be
immobilized in kaolinite and montmorillonite clay to create CMEs capable of being used in biological systems, particularly in H2 fuel cells, and is currently replacing the commonly used platinum (Pt) which is costly and not easily available.82
Furthermore, the use of CMEs in the modification of the surfaces of the polymeric membranes plays a positive task in membrane permeation flow selectivity, execution, and lifespan.
Accordingly, this process has resulted in the formation of two unique layers of polymer: thick
layer substrate offers chemical stability and mechanical strength. A thin surface layer to selectively control the adsorption and the flow of dissolved materials. It has been created to incorporate hydrophilic polymer trough grafting surface and blending coating.82
Koffi et al. explain that over the years, modern and selectively sensitive low-cost methods of identifying electroactive pathogenic bacteria have successfully been developed with the
assistance of clay-modified electrodes. For example, food industries make use of this electrochemical method to detect and identify Staphylococcus aureus, hence replacing the tedious conventional method involving physical monitoring of culture media. In this effect, montmorillonite
and kaolinite clay-modified electrodes that can be used to test the effectiveness of this new
method can be used to study the effect of enzymatic activity on the pathogenic bacterium.83
Additionally, through direct electron transfer of hemoglobin (Hb), clay-modified electrodes used to study the role of iron with respect to electrochemical behavior of hemoglobin.84
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analyzed the experimental interaction between Hb and specified iron-rich clay-modified electrodes (nontronite and saponite). The results were monitored through the adsorption of isothermal reaction establishment, and cyclic voltammetry characterized direct hemoglobin transfer in
experimental set-ups with iron-rich CMEs. As a control, similar experiment was carrying out
with synthetic montmorillonite CME, which essentially lacks Iron, there was no indication of direct electron transfer of Hb due to the lack of iron-rich CME. Therefore, CMEs can be used to
investigate the role of iron during electrochemical analysis of hemoglobin, and thus can be
used in industrial development of very sensitive biosensors of H2O2.85
Objective of this study:
The electrode surface is an important factor in any electrochemistry reaction. Electrochemists desire to reach a perfect electrode surface that achieved the required properties and excellent quality. This leads to many attempts to improve and modified the electrode surfaces.18, 8689

Clay-modified electrodes (CME) have attracted the attention of electrochemists worldwide.

The combination of electrodes with clays provide the desired sensitivity, durability, selectivity,
and speed of sensors. Moreover, the cost of preparing clay-modified sensors is much less compared to other modified sensors.36 Using clay is also a green initiative, which is the reason many
people prefer to use it instead of other chemicals, which are toxic. Apart from these benefits, the
waste produced by modifying electrodes using clay is negligible; it, therefore, requires the least
protocols and permissions.
It has been proven that the existence of iron in the crystal structure of smectite clays,
highly impact their physical and chemical properties. These iron atoms are proposed to be involved in the electron transfer process in clay and as a result, influence the response of claymodified electrodes. For instance, electron transfer of cytochrome c (Cyt-c) at montmorillonite
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CME was reported by Scheller’s research study. Structural iron in clays, and it is important to
90

promote the direct electron transfer of hemoglobin was studied by Charade group. Different
types of clays were used: nontronite, synthetic montmorillonite, saponite and synthetic montmorillonite containing non-iron impurities. Their findings showed that Nontronite, which contains
the highest amount of structural iron, significantly enhanced the direct electron transfer of hemoglobin.84 Oyama and Anson concluded that structural iron in montmorillonite clay mediates the
reduction of hydrogen peroxide.85 Koffi’s group was the first one to report the fact that utilizing
clay modified carbon paste electrode to determine for the bacteria in water or blood samples.83
However, there is no literature that reports on the possible role of structural iron in the electron
transfer of metal-reducing bacteria such as Shewanella oneidensis MR-1 using clay-modified
electrode.
In this project, we reported the use of structural iron in clay to enhance the direct electron
transfer of Shewanella oneidensis MR-. Clay works as an alternative oxidize surface that attracts
bacteria and facilitates electron transfer through the iron in the octahedral sheet. For this goal, we
had used two ferruginous clays containing different amounts of iron situated in the octahedral
sheet and one synthetic montmorillonite containing non-iron. Coverage and porosity of each clay
modified ITO electrodes using the anionic electroactive species [Fe CN)6]3− were examined. Laser diffraction spectroscopy and light obscuration were used to determine the different particle
sizes for the used clays. The clay film thicknesses were measured using the scanning electron microscope. The electrochemical behavior of the clay modified ITO electrodes were characterized
by potential step and cyclic voltammetry in the presence of Shewanella oneidensis MR-1. The
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changes in bacterial cells attached to the modified electrodes were observed using a confocal microscope and SEM. The work in this dissertation was published in AJAC.91

CHAPTER TWO
EXPERIMENTAL TECHNIQUES AND METHODS
This chapter provides a detailed description of electrochemistry techniques, particle size
analysis, microscopies and methods employed in this Ph.D. project.
Basic concepts of the experimental techniques:
Cyclic voltammetry (CV) is a popular approach used to obtain information about an electrochemical procedure. The cyclic voltammetry method has high sensitivity so it can provide information about the analyte structural transitions as well as interactions between the surface and
the analyte species. Chronoamperometry technique is a very important technique for quantitative
analysis. It is commonly used to study the adsorption, kinetics of chemical reactions, and diffusion processes. These electrochemical techniques were used to examine the current produced and
the interaction between the bacterial cells and the clay modified electrode (CME). Also, they had
been used to study the coverage and porosity of the clay film.
Particle size analyses techniques were used to determine the particle size of the clays.
Scanning electron microscopy and Olympus light microscopy were used to examine the film's
surface texture, thickness, and bacterial cell attached to the electrode. Water contact angle technique applied to obtained information about the hydrophilicity of the clay film surface. Following is a brief theoretical background of the electrochemistry technique and other analysis techniques used in this study.
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Electrochemical techniques & theoretical backgrounds:
Faradic Process:

This process includes the transfer of charge across the electrolyte interface, for species in
electrochemical reactions at the electrode surface. The electron transfer takes place across the potential gradient; where the electrons residing at a higher state traverses through to a lower energy
state. In the case of electrochemistry, the transfer occurs after the application of energy across
the electrolyte potential.92 The measurement of current is achieved, deduced through Equation 8.
𝛥𝐺 = −𝑛𝐹𝐸

Equation 8

where DG, is defined as the energy applied in joules, F is Faraday constant in coulombs
(9.64846x104 C/eq), the voltage applied is represented as E (voltage) and n is the number of electrons in a reduction reaction as shown below
𝑂𝑥 + 𝑛𝑒 ⟷ 𝑅𝑒𝑑

Equation 9

In the case of the Faradic process, the transport of charged particles takes place through
an oxidation or reduction reaction as in Equation 9. Prior to the application of energy, the distribution of species on the electrode surface is maintained at an equilibrium state and Equation 10
applied which known as the Nernst equation.65
𝐸>?@6,-3 = 𝐸 ° −

BC
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Equation 10

where E ° is the standard potential for the redox reaction, R is the universal gas constant (8.314 J
K-1 mol-1), T is the Kelvin temperature, n is the number of electrons transferred in the reaction,
and F is the Faraday constant in coulombs (9.64846x104 C/eq),

[B-F]
[H2]

is the ratio of reduced to

oxidized molecules.
Homogeneity of the electrochemical reaction, rate of the electron transfer event and cou-

pling of chemical processes are the three important factors of electrochemical methods. Cyclic
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voltammetry is the preferred method by most electrochemists because it has all the advantages
with respect to the above-mentioned factors. Cyclic voltammetry has the ability of quick observation of the redox behavior over a broad potential range.
Cyclic voltammetry:
The voltammetry techniques deduce information about the analyte, which is calculated
through the measurement of current obtained through the application of a standard potential under specific conditions. The voltammetry technique is based upon the idea of passing a potential
excitation signal upon an electrochemical cell containing an electrode. The particular excitation
technique elucidates a characteristic current response. The oxidation and reduction of molecular
species can be detected by one of the most common methods known as cyclic voltammetry. This
method is used for getting the qualitative information about electrochemical reaction. The cyclic
voltammetry technique helps to determine the location of redox potentials of the electroactive
species.
In a cyclic voltammetry experiment, the working electrode (WE) potential is scanned linearly with time. After reaching the set potential named the switching potential, the WE's potential scanned over time (y axis) in the opposite direction to return to the initial potential. As
shown in Figure 12 (top) negative scan first, starting from potential (A) and ending at (D) potential. The potential at (D) is known as the switching potential and at this point, the scan direction
is reversed. The inverse scan takes place from (D) to (G) where the potential scan is reversed.
So, the reduction reaction occurs from (A) to (D) and the oxidation reaction occurs from (D) to
(G).
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Figure 12. (Top) Applied potential as a function of time for a generic cyclic voltammetry
experiment, and cyclic voltammogram of (Bottom ) .92
The current obtained as a result of the applied potential is shown in Figure 12 (Bottom). Im-

portant parameters in cyclic voltammetry are cathodic peak current, ipc, anodic peak current, ipa,
cathodic peak potential, Epc, and anodic peak potential, Epa as illustrated in Figure 12 (bottom).
Anodic and cathodic peak currents are approximately equal in values when measured from the

baseline for a reversible reaction. This type of cyclic voltammetry shown in Figure 12 bottom
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named Semi-infinite diffusion Model. Reduction current (ip.c) obtained at point C while oxidation
current (ip.a) obtained at point F. At points B and E, the concentrations of [𝑅𝑒𝑑 ] and [𝑂𝑥 ] species
at the electrode surface are equal. The formal potential (Eo¢) for a reversible couple is centered
between Epa and Epc and calculated as the following equation
𝐸° =

(&' 0(&(

Equation 11

/

where Epa is the anodic (oxidative) peak potential and Epc is the cathodic (reductive) peak potential.
The diffusion of the analyte to and from the electrode produced the separation between
the anodic and cathodic peaks. If the electrochemical reaction is reversible, the difference in the
potentials between the two peaks called peak-to-peak separation (ΔEp), is 59 mV at 25 °C. The
width at half max on the forward scan of the peak is 59 mV.93
The number of electrons transferred in the reaction (n) for a reversible reaction can be
calculated from the separation between the peak potentials, which at room temperature is:
∆𝐸$ = 𝐸$+ − 𝐸$I =

J.JLM
6

Equation 12

In a reversible system, the peak current is defined by the Randles-Sevcik equation for the forward sweep of the first cycle as following
𝑖$ = (2.69𝑥10L )𝑛"⁄6 𝐴𝐷9⁄/ 𝐶𝑣 9⁄/

Equation 13

where n is the number of electrons, A is the area of electrode (cm2), and D is the diffusion constant (cm2/s), C is the concentration of solution species (mol/cm3) and n is the scan rate (V/s).
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Figure 13. finite diffusion layer cyclic voltammogram 94
There is another type of cyclic voltammetry named finite diffusion process which is for
confined species on the electrode surface. This type of cyclic voltammetry is commonly used in
biofilm study since the bacteria cell adhere to the electrode surface. In the finite diffusion model,
assumes that the redox species work consistently in a thin layer in contact with the electrode surface so (no diffusion process). This hypothesis is suitable when the redox system consists of an
adsorbed monolayer of the redox compound.95 Nernstian behavior of surface-confined species is
displayed by symmetrical cyclic voltammetry peaks (DEp = 0), and a peak half-width of 90.6/n
mV as shown in Figure 13. The peak current is directly proportional to the surface coverage (𝛤)
and potential scan rate (𝑣) as in Equation 14
𝑖$ =

6" D " OPQ
RBC

Equation 14

where n is the number of electrons, F is Faraday constant in coulombs (9.64846x104 C/mol), 𝛤 is
the surface coverage (mol cm-1), A is the area of electrode (cm2), n is the scan rate (V/s), R is the

-1
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gas constant (8.314 J K mol ).

Figure 14. Radial diffusion cyclic voltammogram.96
Radial diffusion is another type of diffusion occurs at the electrode. This kind of diffusion occurs with ultramicroelectrodes. In this project when using KCl as the swelling solution for
the clay- modified electrode, small pores were obtained. In this case, the behavior of the clay
film is dominated by small pores at the surface of the film. Those small pores mimic microarray
surface where spherical diffusion dominates, results in a sigmoidal-shaped cyclic voltammogram
as shown in Figure 14. The peak current is directly proportional to the radius of the electrode as
shown in Equation 13.
𝑖 = 4𝑛𝐹𝐶1∗ 𝐷𝑟

Equation 13

where F is Faraday constant in coulombs (9.64846x104 C/mol), 𝐶1∗ is the bulk concentration of
the charged solution species ‘i’ (mol/cm3), D is the diffusion constant, and r is the radius of the
electrode (pore) (cm).97

Chronoamperometry technique:
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Figure 15. a) The potential-time profile applied during the experiment, V1 is initial value and V2
is the fixed applied potential b) The corresponding response of the current due to the change in
the potential in the MFC.
The chronoamperometry technique utilizes to study the charge transfer processes at the
electrode-solution interface. At the beginning of the experiment, the potential of the working
electrode is held at a constant potential. In this technique, the electrode potential is utilized to obtain an electron transfer reaction. The produced current is measured as shown in Figure 15 (a and
b). Chronoamperometry technique measures any chemical species that are electroactive and can
be made to reduce or oxidize. This technique has unique advantages include high selectivity, sensitivity to the electroactive species, transferable and low-cost instrumentation, and a wide variety
of electrodes that can be used.94
The total charge transferred during the chronoamperometry experiment (Q) is calculated
by integrating the current. It is related to the number of electrons transferred per molecule (n)
and the number of moles of the oxidized species initially present (N) through Faraday's law:

𝑄 = 𝑛𝐹𝑁

Equation 15
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where F is Faraday constant in coulombs (9.64846x104 C/mol). 98
Particle size techniques:
The size of the clay particles has an important impact on the analyte diffusion.99 Particle
size analysis techniques used in this study to measure the size distribution of the clay particles are laser diffraction and single particle optical sensing.
Laser diffraction technique:

Figure 16. Illustration of the laser diffraction technique components.100
This technology elaborates on the utilization of diffraction patterns and laser beams that
pass through the surface of objects ranging from 0.02 μm – 3500 μm. The technique depends
upon the geometrical aspects, physical dimensions, and stoichiometry of the particles.101 It has
no influence on the flow rate, solubility or the solution rate of the particles passing through the
apertures.102 The different components associated with the technique are as following and as
shown in Figure 16 above.103

1) Laser: It acts as a source of intense and coherent source of light of defined wavelength.
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2) Sample presentation system: The system ensures that the material under consideration
traverses through a stream of particles, possessing a defined dispersion state that is reproducible.
3) Detectors: Specialized detectors are applied in an array to deduce the measurement of the light
pattern produced at a specific angle range.

Figure 17. Illustration of the laser diffraction measurement principle.104
Laser diffraction measures distributions of particle size by measuring the angular
variation in the intensity of the scattered light which obtained as the laser beam passed through a
dispersed particulate sample. As shown in Figure 17, large angles obtained when the small
particles scatter the light. The size of the particles was calculated using the angular scattering
intensity data. The high resolution and specially designed detectors have the potential of
elaborating the size distribution of the particles across a sample size through the output data.105
The technique finds widespread application in the study of clay. It elaborates on the stability of
the soil, the size, and density of the soils.105

Single particle optical sensing technique:
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Figure 18. Illustration of the Single particle optical sensing technique.106
Another method is used for dilute solutions. The technique is referred to as light obscuration. It is defined as a high-resolution technique that has the ability to detect the percentage of
discrepancies or outliers existing amongst the samples under experimentation. It is also equipped
to deriving the size distribution of the particle size when operated under relevant techniques.107
However, it is imperative to abide by the relevant rules and protocols when the concentration of
the sample is presented to the instrument. The working of the instrument functions by traversing
a dilute stream of particles in a suspension.108
Specific detectors are present in the instrumentation through which the sample passes between the light sources. The illumination source is defined to be a diode that is capable of lighting the individual stream of particles. As shown in Figure 18, the particle scattered the incident
light causing a decrease in the light intensity on a photodetector. The decrease in the light intensity caused by overshadowing or blocking of the light by the particle. This phenomenon is
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defined as obscuration. The detector is capable of measuring the light reduction, the intensity of
the light and the calibration curve in order to study the size of the particle.108
The technique is widely utilized for the size determine and particle size techniques in industries. It is utilized in the pharmaceuticals for the size confirmation and elucidation during the
manufacturing and the preparation of formulations of products. Several solvents and non-solvent
formulation are also prepared by the utilization of the technique.108
Microscopy:
Scanning Electron Microscopy:

Figure 19. A schematic diagram of scanning electron microscope.109
Figure 19 shows the essential components of the scanning electron microscope which are
the source of electrons, lenses, sample stage, a detector for all signals of interest and display unit
for the output. A scanning electron microscope (SEM) utilizes a focused beam of electrons that
provide energy to the atomic electrons of the sample which can then release as the secondary

electrons (SEs). Collecting these secondary electrons from each point of the sample forms the
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image. A difference of signals will be emitted due to the coulomb (electric charge) field interaction of incoming electrons with the sample nucleus and electrons such as backscattered electrons
(BSEs), secondary electrons (SEs) photons (X-rays used for elemental analysis) and visible light.
Then detectors gathered the signals.
The incident beam of electrons interacts with the sample atoms by elastic or inelastic
scattering. Elastic scattering is the incident beam of electrons are deflected with no loss of energy
while inelastic scattering involves a loss of energy, usually by ionizing the sample atoms. The
incident electrons are scattered (both elastically and elastically) multiple times in an area of the
sample known as the interaction volume.110
The signals are collected by electron receivers (detectors), which are then managed by the
computer to create the needed image. The two most used electrons for sample image formation
are the backscattered and secondary electrons. Nevertheless, secondary electrons are recognized
as the most important electrons, showing sample morphology and topography.111
SEM finds widespread application in the generation of high-resolution images with profound spatial resolution. It is also used for the chemical analysis and the quantitative structural
elucidation of crystalline structures. In this study, SEM was used to measure the film thickness
of the clay films and the texture of the clay films' surface.
Olympus light microscope:
The Light microscope defines as an optical machine that used visible light to provide an
expanded image of the sample. It contains two main lenses the objective lens and the eyepiece
lens. These two lenses operate together to produce the final expanded image of the sample. Two
microscope elements are of significant importance in creating the image:
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1) The objective lens gathers light diffracted by the sample and produced a magnified true image
near the eyepieces.
2) the condenser lens directs light onto a small area of the sample.
The arrangement of these components and other elements are shown in Figure 20. There are
other components such as lamp collector, lamp socket, filters, polarizers, retarders, microscope
stage, and coarse and fine focus dials.112 The light Microscope technique is a fundamental instrument for scientists. They are utilized in microbiology, material science, and mineralogy.

Figure 20. Components of light microscopy.112
Water contact angle method:
The hydrophilicity and hydrophobicity of a surface play an important role in chemical,
physical, biological and engineering sciences. The wettability, de-wetting, adhesion characteristics of a surface can be measured by contact angle and it is one of the popular ways for that
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purpose. Wetting related to the study of how a liquid dropped on a solid surface spread out. The
wetting, as stated before, is examined by measuring the contact angle, that the liquid forms in
contact with the solid surface. The smaller the contact angle, the higher the wetting or the hydrophilicity of the surface.113 The surface is hydrophobic when its water contact angle θ is >90° and
is hydrophilic when θ is <90° as shown in Figure 21.

Figure 21. Contact angle and hydrophilicity
Materials and methods:
Chemicals and clays
Table 2. Compositions and formula of the clays employed herein
Clay

Name

Formula70

%Fe2O370

CEC
meq/100g

NAu-1

Nontronite

M+(1.0) [Al0.58 Fe3.38
Mg0.05]114 [Si7.00 Al1.00]
O20(OH)4

34.19

74.768

SWy-1

Montmorillonite (Wyoming)

M+(0.49) [Al3.01 Fe
(III)0.41 Mn0.01
Mg0.54Ti0.02] [Si7.98
Al0.02] O20(OH)4

3.35

76.470

SYn-1

Synthetic
montmorillonite

M+(0.22) [Al3.99 Fe (III)tr
Mntr Titr] [Si6.50 Al1.50]
O20(OH)4

0.02

70.070
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Chemicals that were used include: Tryptic soy broth (TSB), sodium chloride (NaCl), potassium chloride (KCl), potassium ferricyanide (K3[Fe(CN)6]3−), glutaraldehyde 25%, phosphate
buffered saline (PBS), and ethanol were purchased from Sigma Aldrich. Shewanella Oneidensis
MR-1 microbes were purchased from The Global Bioresource Center (ATCC). The Wyoming
montmorillonite (SWy-1), nontronite (NAu-1), synthetic montmorillonite (SYn-1) clays were
obtained from the Source Clay Minerals Repository (Purdue University, East Lafayette, Ind., Department of Agronomy) (Table 2). Nanopure deionized water with a conductivity of 18 mΩ.cm3
was used to prepare all solutions and clay suspensions.
Preparation of clay suspensions:
Nontronite NAu-1 clay: clay was grounded to a fine powder using a mortar and a pestle. (20 g)
of powdered clay was added to 500 ml of deionized water and stirred periodically for 48 hours.
The clay suspension was then left overnight (without stirring) until the coarse particles settled at
the bottom. The top portion, which contained 5 g/L clay, was decanted and stored in vials. The
concentration of the clay suspensions was estimated by oven drying known volumes in preweighed beakers and determining the mass of the dried clay
Wyoming montmorillonite Swy-1 clay: about 15 g of the powdered clay was added to 500 ml of
deionized water and stirred periodically for about 48 hours. The suspension was centrifuged at
600 rpm for 2 hours, using a Marathon 21000R centrifuge (Fisher Scientific). The supernatant,
which contained 5 g/L clay, was decanted and stored in vials. The concentration of the clay suspensions was estimated by oven drying known volumes in pre-weighed beakers and determining
the mass of the dried clay
Synthetic montmorillonite SYn-1 clay: about 20 g of the powdered clay was added to 500 ml of
deionized water and stirred periodically for about 48 hours. The clay suspension was then left
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overnight (without stirring) until the coarse particles settled at the bottom. The top portion, which
contained 5 g/L clay, was decanted and stored in vials. The concentration of the clay suspensions
was estimated by oven drying known volumes in pre-weighed beakers and determining the mass
of the dried clay
Preparation of ITO slide and clay film:
ITO has unique characteristics include high electrical conductivity, high optical transparency, strong adhesion to varieties of substrates, low surface resistance, wide working potential
window, and reusability.114-116 ITO thin film is an n-type transparent conductive and formed of
tin (Sn), indium (In) and oxygen (O). ITO consist of 5.6% tin (Sn) (by weight) in indium (In)
matrix which provides low resistance of ITO film with an optical transmission of more than
80%.117-118
In this study, the ITO (indium tin oxide) glass slide (Thin Film Devices, Inc.) was
washed with 1 % alconox, rinsed, dried, and wiped with 70% isopropyl alcohol, re-dried, and allowed to equilibrate with air.65 The side with high resistance (conductive or electroactive side)
was selected using a voltammeter then specific amount of the clay (100, 300, 500, or 800 μL)
were then applied on the ITO slide using a micropipette and left to air-dry overnight.
Preparation of CME for film thickness measurements:
The clay-modified ITO electrodes were prepared as explained in the previous section. A
glass cutter was used to break the ITO slid in the middle so it will be possible to measure the film
thickness of each different clay film. Double 90º SEM Mount holder was used to hold the CME
in a vertical position inside the SEM specimen.

Preparation of potassium ferricyanide for the CMEs coverage and porosity experiments:
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Solutions of NaCl and KCl were prepared in distilled water at concentrations of 0.05, 0.1,
0.3, 0.5, 0.7, 0.9, and 1.2M. Subsequently, 3 mM solutions K3[Fe(CN)6]3- were prepared in
solutions of NaCl and KCl. NaCl and KCl were prepared in distilled water at concentrations of
0.05, 0.1, 0.3, 0.5, 0.7, 0.9, and 1.2 M. Subsequently, 3 mM solutions of K3[Fe(CN)6]3- were prepared in different concentrations of the NaCl or KCl solutions. Then all solutions were subjected
to N2 purging for 10 min prior to use in the electrochemical cell. Each experiment was done in
triplicate.
Contact angle measurements:
1 μL of deionized water dropped on the bare and modified ITO electrodes using a micropipette. Veho VMS-004D USB Digital microscope camera and micro-capture software were
used to capture images for the water drop on the electrode surface.
Electrochemical cell assembly and data acquisition for the potassium ferricyanide experiments:
The electrochemical data were obtained using the home built electrochemical instrument.
The electrochemical cell employed for the electrochemical study consisted of a single-chamber
with three-electrodes. A tin doped ITO electrode was chosen because it has an oxidized surface
similar to the natural surface that favored by bacterial. The ITO substrate on glass slides (surface
area of 4.5 cm2), which had been modified by the clay film, was used as the working electrode
(WE). Ag/AgCl (NaCl saturated) and a platinum wire were used as the reference and counter
electrodes, respectively.
For the swelling purpose, the clay film on the electrode was soaked for 10 min in N2purged NaCl or KCl prior to use in the electrochemical experiment. Immediately afterwards,
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3mM solution of K3[Fe(CN)6] (11 mL) was pumped into the electrochemical cell. Cyclic volt3−

ammetry was carried out with initial and final potentials of +0.4 V, a switching potential of −0.8
V, and a scan rate of 10 mV/s. Epsilon EC was used for the electrochemical experiments.
Preparation of the tryptic soy broth (TSB):
30 g of the tryptic soy broth powder were dissolved in 1000 mL deionized water. Then the
solution was autoclaved for one hour using Steris autoclave. After that, the solution left at room
temperature to cold down.
Preparation of Shewanella Oneidensis MR-1 culture:
Shewanella Oneidensis MR-1 from a −80 °C freezer stock was inoculated into tryptic soy
broth medium (100 mL) and incubated at 30 °C for 12 h anaerobically. After this time, the optical
density was measured at 650 nm using a VWR UV6300PC double-beam spectrophotometer. The
optical density of the culture solution before harvest in the electrochemical cell was 0.3 for all experimental conditions examined. This OD was chosen because it is in the exponential phase of
Shewanella Oneidensis MR-1 growth curve. The OD650 of the original culture solution and the
culture solution recovered from the electrochemical cell were also measured post-experiment. Finally, the resulting cell suspension was centrifuged at 5000 rpm for 10 min to produce cell pellets
to which fresh and N2-purged TSB medium (100 mL) was added. Three triplicate samples were
run on the electrochemical cell on the same day.
Electrochemical cell assembly and data acquisition for Shewanella Oneidensis MR-1 experiments:
The electrochemical data were obtained using the same home built electrochemical instrument explained above. ITO electrode had been modified by the clay film, and the preparation
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of the clay-modified electrode already explained previously. The cell was positioned such that the
ITO (WE) was vertical with the solution pumped from the side and exiting at the top. The positioning was chosen to minimize the gravitational deposition of bacteria on the slide. The clay film
on the electrode was soaked for 10 min in N2-purged TSB prior to use in the electrochemical experiment. Immediately afterwards, the bacterial culture solution (11 mL) was pumped into the
electrochemical cell.
For each condition, the current was measured for 2 h at a potential of +0.2 V. Subsequently, cyclic voltammetry was carried out with initial and final potentials of +0.2 V, a switching
potential of −0.5 V, and a scan rate of 5 mV/s. Epsilon EC was used for the electrochemical experiments. After the electrochemical experiment, the clay-modified ITO electrode was removed
from the cell to be examined using confocal microscopy and scanning electron microscopy
(SEM).
Preparation of working electrode after the electrochemical experiments for Olympus microscopy
imaging:
After completion of the electrochemical experiment, the working electrode was removed
from the cell, and left to dry in a vertical position to reduce the pooling and drying of unattached
microbes. An Olympus microscope BH2-RFCA and ImageJ software were used to monitor the
changes in the bacterial cell coverage percentage over the clay-modified ITO electrodes.
Preparation of working electrode after the electrochemical experiments for SEM imaging:
Shewanella oneidensis MR-1 microbes attached on the modified electrodes were imaged
using SEM (HITACHI, SU3500). After the electrochemical experiment, the clay-modified ITO
was fixed with a 2.5% glutaraldehyde solution for 2 h, rinsed three times in phosphate buffer (pH

7.0, 50 mM), dehydrated using a series of ethanol solutions (60%, 70%, 80%, 90%, 95%, and
100%).160
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CHAPTER THREE
UTILIZING OF THE CLAY-MODIFIED ITO ELECTRODE WITH S. ONEIDENSIS MR-1
This chapter provides a detailed description of the characterization of the clay-modified ITO
electrodes and the application of the CMEs with Shewanella oneidensis MR-1
Various strategies have been established to enhance the extracellular electron transfer and
energy output capability of MFCs, with the majority being aimed at anode modification119, substrate sources9, redox mediators120, and bioreactor configurations121. The anode has a significant
impact on the electricity generation performance of MFCs because it is in direct contact with the
microorganisms.122 The materials of the working electrode should be favorable for the bacterial
cell attachment and capable to facilitate the electron transfer and flow.123 Developing of an electrode using low-cost and effective materials assists to enhance the bacterial cell attachment and
extracellular electron transfer (EET). This provides significant improvement in MFC performance. Lately, the applications of different modified electrodes have been studied such as, carbon nanotubes (CNTs)/ polyelectrolyte poly(allylamine hydrochloride) (PAH) indium tin oxide
(ITO) electrode124, the α-Fe2O3 nanorod and chitosan (CS) ITO electrode125, and the graphene
(GE) nanosheets and poly (allylamine hydrochloride) ITO electrode126.
In this project, clay was used as a new material to modify the ITO electrode in order to enhance the bacterial attachment and the current production. It was chosen because it is an oxidize
surface preferred by the bacteria in natural .75, 127 Moreover, clay-modified electrode research indicates that clay considered as electroactive materials.69 The charge transport within the clay occurs either through physical diffusion of the analyte through the clay channels or through charge
50
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hopping in the clay crystal as shown in Figure 22.

Figure 22. Electron transfer mechanisms in the clay film
In clay films, physical diffusion happens in swollen clay. It requires that the film is open
and porous. The porosity of the clay film can be controlled through the manipulation of the
swelling solution. The concentration and type of the swelling solution impact the interlayer spacing between clay sheets. The space between layers has been shown to control the porosity and,
therefore, the conductivity of a clay film 128
On the other hand, the charge hopping process occurs through redox-active cation sites
within the crystal lattice such as iron.129 Most of the structural iron in clay is ferric iron that can
be reduced chemically or biologically by metal-reducing bacteria, which has been proved by several studies.130-133 Structural Fe+3 in clay acts as an electron acceptor and the organic matter in
the growth media serves as an electron donor. In the bio-reduction process, metal-reducing bacteria attach themselves to the clay surface.74 Microorganisms reduce structural Fe3+ in clay to
Fe2+ 130-131, 134 which can be re-oxidized by pollutants such as chlorinated solvents, nitroaromatic
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explosives

135-137

, and metals such as U, Tc, Cr as shown in Figure 23.

138-140

At least 90% of the

structural Fe2+ can be re-oxidized to Fe3+.141-142

Figure 23. Schematic representation of redox cycling of structural Fe in clay crystals. The colored hexagons express the octahedral binding of Fe(III) (top) and Fe(II) (bottom) in the clay
crystal structure. Structural Fe(III) can be reduced by electron donors (e.g. dithionite, hydrazine,
microorganisms, etc.). The resulting structural Fe(II), in turn, reduces oxidized organic contaminants (e.g. carbon tetrachloride or nitroaromatic compounds) or metals (e.g. Tc7+|).143
Shewanella oneidensis MR-1 contains cytochromes in the outer membrane.144-147 An attractive force between Shewanella oneidensis MR-1 whole cells and hematite surfaces was detected.148 Moreover, there was specific bonding detected between MtrC and hematite surfaces.149
There is a direct attraction between OM C-type cytochromes and Fe+3 and localization of the cytochromes on the cell surface. MtrC thus localized to interface between Shewanella oneidensis
MR-1 cells and hematite during Fe+3 reduction.150-151
Results:
A) Iron content and mediated transport
To test the iron content two types of clay containing different amounts of iron located in
the octahedral sites were used to modify the ITO electrodes, namely nontronite (NAu-1), and Wyoming montmorillonite (SWy-1). Synthetic montmorillonite (SYn-1) which is iron-free clay was
used for comparison. NAu-1 and SWy-1 clays are different in the amount of iron content as shown
in Table 3. NAu-1clay contains a higher amount of iron oxide than SWy-1 clay.
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Table 3. Iron oxide % in each used clay
Clay

Name

%Fe2O370

NAu-1

Nontronite

34.19

SWy-1

Montmorillonite
(Wyoming)

3.35

SYn-1

Synthetic montmorillonite

0.02

Figure 24. Current density generated as a function of time for Shewanella oneidensis MR-1 on
the clay-modified ITO electrodes at +0.2 V for the thickest film thickness
Figure 24 shows the current density as a function of time during the loading process at
+0.2V, where the thickest film of each clay was utilized. As indicated, the maximum current
density obtained by the NAu-1/ITO electrode was (1.40 ± 0.0015 μA∙cm−2), which is approximately 19 times higher than that of the bare ITO electrode (0.07 ± 0.0013 μA∙cm−2), while the
maximum current density achieved for the SWy-1/ITO electrode was (0.26 ± 0.0014 μA∙cm−2),
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which is approximately 3 times higher than that of the bare ITO electrode. No current was collected when using the SYn-1/ITO electrode. This indicates that worked as insulating layer over
the electrode.

Figure 25. Cyclic voltammetry (CV) of Shewanella oneidensis MR-1 at the clay-modified ITO
electrode after 2 hours chronoamperometry at scan rate of 5 mV/S with the highest film thickness of each clay
Figure 25 shows the cyclic voltammetry of Shewanella oneidensis MR-1 at NAu-1/ITO,
SWy-1/ITO, SYn-1/ITO, and the bare ITO electrodes. The redox peaks with midpoint potential
of -0.19 V which related to the outer membrane Cyts-c. The potential range for OM Cyts-c is in a
wide potential range from 0.13 V to -0.27 V.152-153
The results of the cyclic voltammetry experiments are consistent with the chronoamperometry experiments in Figure 24. The NAu-1/ITO electrode achieved the highest reduction
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peak’s current density (3.84 ± 0.15 μA cm ). The SWy-1/ITO electrode recorded reduction
peak’s current density of (2.26 ± 0.34 μA cm-2). The reduction peak current density of the bare
ITO was (1.33 ± 0.06 μA cm-2). There was no reduction peak current density obtained with SYn1/ITO.
The percent coverage of the bacterial cells attached to the bare and modified ITO electrode was examined. Attachment of the bacteria cell was investigated after the electrochemical
experiments. The CME and bare ITO were examined using an Olympus microscope. The images
were analyzed using ImageJ software to calculate the percentage coverage of bacteria on the surface of the electrode (Appendix E) Interestingly, as shown in Figure 26, a relationship was found
between the maximum current density obtained by Shewanella oneidensis MR-1 during 2 hours
of loading and the area coverage percentage of bacterial cell on the clay-modified ITO electrodes. The maximum current densities shown in Figure 26 is obtained as a result of increasing
the film thickness of each clay shown in Figure 27 and (Appendix A).
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Figure 26. Maximum current densities obtained by Shewanella oneidensis MR-1 for different
bacterial cell area coverage percentages on the clay-modified ITO electrodes.
The interesting thing about these results is that they appear to confirm the hypothesis that
additional charge transport mechanisms are operative. That is, two main mechanisms are expected: physical diffusion and mediated electron transfer through the clay. As both clays have
the same porosity (see below) differences in charge transport may possibly be attributed to mediated events. In Figure 26, both SWy-1/ITO and NAu-1/ITO show linear response between surface coverage and current output, a result that is not surprising. What is important to note is that
for all the same % bacteria coverage NAu-1/ITO produced higher current at all surface coverages. Again, as the porosities are similar the expected physical diffusion should be similar. Any
increase must be related to different properties, of which mediated transfer through the iron is a
probable mechanism.
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B) Film effective diffusion
If transport is not dominated by a mediated process involving the lattice iron but by physical diffusion, the current density obtained by Shewanella oneidensis MR-1 should be decreased as the
film thickness increases. To examine this a variety of film thickness was used, and current output
related to the film was measured.

Figure 27. Thicknesses of NAu-1, SYn-1, and SWy-1 clay films on the ITO electrodes.
Different amount of each clay was added to the electrode surface forming a variety of
clay film thickness. Figure 27 shows the SEM images of each different film thicknesses for each
used clay. Adding the same amount of clay suspension results in different film thicknesses of
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each clay. For example, adding 100 μL of the NAu-1, SYn-1 or SWy-1 clay on the bare ITO resulting in film thicknesses of 5, 5.5, and 7 respectively. This difference in film thickness with
clay type is expected because the three clays are slightly different in the particle size as shown in
Figure 28 below. The variation in the particle size produced the minor difference in the clay film
thicknesses.
The particle size of clay is recognized to influence both the absorption 154 and diffusion 155
through the clay layers. Laser diffraction technique was used to detect the particle sizes of
nontronite NAu-1 Synthetic montmorillonite SYn-1. Montmorillonite (Wyoming) SWy-1 particle size was determined using single particle optical sensing technique. Figure (28 a, b and c)
shows the particle size distribution curves for each used clay in this study. NAu-1 has a particle
size of <1 μm, SYn-1 has a particle size of <5 μm, and Swy-1 exhibited a particle size distribution of 0.5-50 μm. Particle size investigations were found to be consistent with the clay surface
textures shown in Figure 29 below. Wyoming montmorillonite (Swy-1) shows roughness and the
presence of bridging surfaces. Nontronite (NAu-1) and synthetic montmorillonite (SYn-1) appear to have smooth and flat surfaces.
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Figure 28. Particle size distribution of nontronite NAu-1 (a), synthetic montmorillonite
SY-1(b), and Wyoming montmorillonite SWy-1 (c).
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Figure 29. SEM images of the three clay-modified electrodes and the bare ITO.
Different clay film thicknesses were studied for each CME. In theory, for physical diffusion, increasing the film thickness should decrease the current density produced. This decrease
occurred as a result of decreasing in the charge transfer through the film pores. A variety of film
thickness was studied in the presence of 𝐹𝑒(𝐶𝑁)"#
! to obtain information about the clay film porosity. Furthermore, 𝐹𝑒(𝐶𝑁)"#
! was used to check the complete coverage of the clay on the electrode surface. Also, the current densities produced by Shewanella oneidensis MR-1 were studied
in presence of different clay film thicknesses. The results of these experiments are shown below.
𝐹𝑒(𝐶𝑁)"#
was chosen as the model analyte to study the coverage and the porosity of the
!
clay film. It has well-defined and reversible electrochemical behavior. Additionally, 𝐹𝑒(𝐶𝑁)"#
! is
negatively charged and the clay layers are negatively charged so it will be excluded from the clay
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interlayers due to similar anionic charge without adsorption of any degree. This process allows to
obtained information about the coverage and porosity of the clay-modified electrodes.
KCl and NaCl were chosen to swell the film before injected the 𝐹𝑒(𝐶𝑁)"#
! solution. KCl
was utilized to study the coverage of the clay film while NaCl used to control the porosity. There
is a difference between K+ and Na+ cations in the hydration energy which provides each one of
them a unique feature. The dehydration of Na+ cations requires a great amount of energy, so they
enter the interlayers of the clay film in their hydrated form, thereby forcing apart the clay layers.
In contrast, soaking the clay film in a KCl solution forms compact layers since the K+ cations are
easily dehydrated and enter the interlayer region in their dehydrated forms.156
A solution of 0.1 M KCl was first injected into the cell and allowed to swell the film for
10 minutes. The electrolyte was purged out with N2 gas and the 𝐹𝑒(𝐶𝑁)"#
! solution was injected
with an immediate start of data acquisition. Similar experiments with the electrolyte and analyte
at the bare electrode were also examined. Figure 30 shows the change in peak currents at the
NAu-1/ITO and bare electrode for the 𝐹𝑒(𝐶𝑁)"#
! anion as an example. The CV display well-defined oxidation and reduction peaks of the CV corresponding to the Fe(CN) 36- / Fe(CN) 64- .
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Figure 30. Cyclic Voltammetry for 3.0 mM Fe(CN) 36- at 10 mV/s scan rate (-0.4 -0.8 V vs
Ag/AgCl): (100 µL of 5 g/L clay = 5 µm NAu-1 clay film) dashed line for Fe(CN) 36- in 0.1 M
KCl at CME; dotes line for Fe(CN) 36- in 0.1 M NaCl at CME; solid line for Fe(CN) 36- at the bare
electrode.
Figure 30 also shows the radial diffusion (plateau shaped) cyclic voltammetry when using
KCl (dashed line). The high concentration of electrolytes creates a compact clay layer with small
pores. In this case the behavior of the clay film is dominated by small pores at the surface of the
film. Those small pores mimic microarray surface as explained in chapter 2.
As mentioned previously, potassium cations enter the clay interlayers in the dehydrated
forms and that caused the clay layers to be compacted according to the electric double layer theory. Potassium cations will be attracted by the negatively charged clay layers to form the Stern
layer, as shown in Figure 11 in the introduction. If the clay layers are parallel to each other, the
potassium cations between them will cause attraction interaction causing the layers to compact
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on each other. These compacted layers form an insulating film that will not allow the anionic
probe to travel through the film.
Figure 30 also shows the cyclic voltammetry in case of using NaCl (dotted line) as the
soaking solution while the (dashed line) represent the CV when using KCl as the soaking solution. This shows the effect of the electrolyte type on the reduction of 𝐹𝑒(𝐶𝑁)"#
! at the CMEs. As
expected, the reduction peaks drop from (647.01±0.93 μA) to (37.61±0.27 μA) when using KCl
instead of NaCl. As mentioned previously, the K cations compacted the clay layers while Na+
cations get into the layers then forced the clay layers apart so 𝐹𝑒(𝐶𝑁)"#
! can diffuse through the
pores of the CME.
The same experiments were run at different KCl and NaCl concentrations and different
clay types. The probe was observed at both the bare ITO (Ipbare ITO) and the clay-modified ITO
(IpCME) electrodes. The currents measured were recorded as the ratio of the current at the claymodified ITO electrode to that at the bare ITO (APPENDIX B). The difference in ratios reflects
changes in the interlayer spacing through the clay film.
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Figure 31. Ratio currents (𝑅 = 𝐼$,&'( ⁄𝐼),*+,- ) for reduction of 𝐹𝑒(𝐶𝑁)"#
! at CMEs for the three
clays as a function of the electrolyte concentration and type, (dashed lines) represents the thinnest clay film and (solid lines) represents the thickest clay film for each clay.
Figure 31 shows the change in the current ratios for different KCl concentrations and clay
type. All ratios are sufficiently low to be considered insulating. The data indicate that all claymodified electrodes can considered to be insulating (complete coverage) at thinnest and thickest
clay applications. The reduction current ratios of 𝐹𝑒(𝐶𝑁)"#
! at SWy-1/ITO, NAu-1/ITO, and
SYn-1/ITO electrodes at the thinnest films (dashed lines). The reduction current ratio for the anionic probe at the electrode implied a swollen clay film is more than (R≥ 0.04) in the presence of
a dilute electrolyte. The ratio decreased to (R≤ 0.04) when increasing the concentration of KCl.
the reduction current ratios of 𝐹𝑒(𝐶𝑁)"#
! at the thickest films (solid lines). As expected,
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increasing the film thickness decreased the ratio of the current. The clay film is ideally intact assumed to completely exclude the anionic probe, resulting in insignificant or no current (R≤
0.04).157 The decrease in the current ratio in case of KCl indicates that the clay film at different
film thicknesses is completely covered the ITO electrode. This is important because it indicates
that diffusive EET charge transport through thick films is blocked.
Figure 31 also shows the relationship between the ratio of the reduction current and the
NaCl concentrations for the thinnest clay films (dashed lines) and the thickest clay films (solid
lines). The two thicknesses were used in order to probe the effect of porosity on charge transfer.
Porosity should be greater in the thinner film. In clay, two adjacent platelets may be present. If
they are carrying the same surface charge and parallel to each other, the two double-layer potentials interact. This behavior will cause an electrostatic repulsion between them, which is proportional to the bulk electrolyte concentration.158
As shown is Figure 32 below, since the dehydration of Na+ cations require a large amount
of energy, they enter the interlayer in their hydrated form, thereby forcing apart the clay layers.
At low salt concentrations, the interlayer expands, causing an increase in the pore space, and allowing for increased diffusion of the probe ion. Upon increasing the salt concentration, the interlayer is compacted, thereby decreasing the available pore space, and reducing the amount of diffusion.
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Figure 32. Electrostatic repulsion between parallel clay platelets as a function of electrolyte concentration.
Experimentally, as shown in Figure 31, the current ratios were high compare to the KCl
experiment. As expected, the current ratio decreased while increasing the NaCl concentrations in
the order of NAu-1/ITO<SYn-1/ITO<SWy-1/ITO. A lower ratio was found for the thicker films
(solid lines). The decreases in the ratios follow the same order as in the thin films. The current
ratios of the three clays at the same NaCl concentration and the same thickness were very small.
This indicated that there is no significant difference in the porosity between the three used clays.
This change in the current ratio was in the order SW-1>SYn-1>NAu-1. This indicates that the
diffusion was influenced by the particle size of each clay. The particle size of each clay shown in
Figure 28 and they were in the order of SWy-1>SYn-1>NAu-1.
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Current density, and the electric charge of Shewanella oneidensis MR-1 versus film thickness:

Figure 33. Current density generated as a function of time for Shewanella oneidensis MR-1 on
the clay-modified ITO electrodes at +0.2 V for the different film thicknesses
The same film thicknesses were applied in the presence of Shewanella oneidensis MR-1
as shown in Figure 33. For each experiment, the CME was soaked by N2 purge TSB for 10
minutes. TSB contains 0.08M of NaCl so the CME pores were not blocked as shown in Figure
30. In theory, increasing the film thicknesses caused decreased in the current and this is true for
the physical diffusion process as shown in Figure 31. Surprisingly in case of Shewanella oneidensis MR-1, the maximum current densities obtained were increasing as the film thickness increased (APPENDIX C). The increase in the maximum current density with film thickness was
significantly higher for the NAu-1/ITO electrode than the SWy-1/ITO electrode. In case of SYn-
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1/ITO, increasing in film thicknesses showed no effect in the maximum current density. Despite
that the electrode pores were opened by the 0.08M of NaCl in TSB, no current was obtained
when utilizing the SYn-1/ITO electrode. This indicated that the electron transfer process is not
occurring through the clay pores as in the case of the potassium ferricyanide.

Figure 34. the electric charge (Q) obtained from cyclic voltammetry versus the
film thickness of each clay type.
Figure 34 represents the total quantity of electric charge (Q) versus the film thickness of
each clay type. Q was calculated by integrating the area under the reduction peak in the cyclic
voltammetry using the following equation 159-160
S

𝑄 = f 𝐼𝑑𝑡
J
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I is the current and t is the working time. The Q values for each experiment were calculated (APPENDIX D). The black square in Figure 34 represents the Q value using the bare ITO electrode,
which is (2.90 ± 2.2x10-7 μC). The Q values obtained at the highest film thickness of NAu-1/ITO
and SWy-1/ITO were (153.5 ± 8.9x10-7 μC, and 25.9 ± 5.2x10-7 μC) respectively. There was no
Q value for the non-iron clay SYn-1/ITO.
The results obtained in the presence of Shewanella oneidensis MR-1 were completely
different than the current ratio obtained in the case of using 𝐹𝑒(𝐶𝑁)"#
! for the same film thicknesses as shown in Figures 31. These results indicate that the electron transfer mechanisms are
different between 𝐹𝑒(𝐶𝑁)"#
! and Shewanella oneidensis MR-1. It is known that the charge transported within the clay film occurs either through physical diffusion of the analyte species in the
channels or by charge hopping. The physical diffusion occurs through the clay layers and it is affected by the clay particle size, swelling and porous of the clay film. On the other hand, the
charge hopping is occurring through a redox-active species within the crystal lattice of the clay
such as iron.161
"#
In the case of the 𝐹𝑒(𝐶𝑁)"#
! , only physical diffusion of the 𝐹𝑒(𝐶𝑁)! can occur. Conse-

quently, increasing the film thickness caused a decreased in charge transfer. On the other hand,
in the case of Shewanella oneidensis MR-1 experiments, increasing film thickness resulted in
higher currents measured. This result was observed for both NAu-1/ITO and SWy-1/ITO electrodes and this suggest that iron content controls current production.

70
C) Greater attachment:
SEM images of the bacterial cell on the bare and clay-modified ITO electrodes:
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Figure 35. SEM images for Shewanella oneidensis MR-1 attached to the bare and the clay-modified ITO electrode.
SEM were used after the electrochemistry experiments to show that the clay film covered
the ITO electrode and to confirm the attachment of the bacterial cell. Figure 35 shows the attachment at the bare ITO and the thickest film of each clay-modified electrode. As shown in Figure
35, the bacteria attached to the bare ITO and SYn-1/ITO appear to have no significant difference
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between them. The attachment of the bacteria at the SWy-1/ITO electrode had higher bacteria
coverage compare to the bare and SYn-1/ITO electrodes. NAu-1/ITO electrode exhibits the highest bacteria coverage compare to the other electrodes as shown in Figure 35. This increase in the
attachment could be related to the hydrophilicity of the clay-modified electrodes surface or to the
iron content in each clay.
It had been demonstrated that the hydrophilicity of the surface can influence the EET of a
living organism: the EET activity is five times greater on the hydrophilic electrode than that on a
hydrophobic one.162 The surface of Shewanella oneidensis MR-1 is hydrophilic 163-164 so the cells
adhere tightly to the hydrophilic electrode. Also, theoretical calculations predicted that the bacterial cells' attachment ability is more on the hydrophilic electrode than on a hydrophobic one.165
In order to check that, surface hydrophilicity was examined using the water contact angle experiments.

Figure 36. Water contact angle for the bare and the clay-modified electrodes
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Figure 36 shows the contact angles of each clay-modified electrode. The contact angles
were ~70.0 ̊, ~30.0 ̊, ~20.0 ̊ and ~15.0 ̊ for bare ITO, SWy-1/ITO, SYn-1/ITO and NAu-1/ITO
respectively. These results indicate that clay films improve the hydrophilicity of the electrode.
Also, it indicates that the clay surface is more polar than the bare ITO. The polarity of the clay is
related to the isomorphous replacement substantially in the tetrahedral layer, Al3+ for Si4+, results
in a net negative charge of the clay surface.56
Surface hydrophilicity results indicate that NAu-1/CME showed the highest hydrophilic
surface with a contact angle of (θ~15.0°). Then SYn-1/CME showed less hydrophilicity than
NAu-1/CME with contact angels of (θ~20.0°), while SWy-1/ITO showed the lowest hydrophilicity compared to NAu-1/ITO and SYn-1/ITO with contact angels of (θ~30.0°). The SEM images
of the bacterial cells attachment obtained in Figure 35 were compared to the results of the hydrophilicity experiment’s results shown in Figure 36. The surface hydrophilicity does not follow the
same order as the bacterial cells’ attachment shown in Figure 36. This indicates that the increase
in the attachment was not directly related to the hydrophilicity of the CMEs surfaces. The only
factor still playing the main impact here is the iron oxide content in the clay film. The trends in
hydrophilicity are not consistent with the trends in attachment. Among all of the possible factors
(particle size, film thickness, porosity, hydrophilicity, iron content) iron content is the most plausible factor related to the observed behavior.
The above results indicate that electron transfer likely occurs through a mediated process
involving the lattice iron (Fe+3) in the clay. The increase in the maximum current density is
higher when utilizing the NAu-1/ITO electrode compared to the SWy-1/ITO. Table 3 shows the
different components of each used clay, since NAu-1 is an iron-rich clay, it contains greater
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3+

quantities of Fe in its octahedral sheet than the SWy-1 clay; SYn-1 does not contain iron and
does not produce any current, thereby providing further evidence that electron transfer occurs
3+

through the Fe present in the clay. This hypothesis is consistent with the obtained results

CHAPTER FOUR
CONCLUSION AND FUTURE WORK
Conclusion:
The aim of this Ph.D. project was to modify the ITO electrode surface since the electrode
material is an important feature of the performance and costs in the microbial fuel cells (MFCs).
Improving current production and bacteria attachment to the electrode are primary purposes for
developing the performance of MFCs. These were accomplished by using two types of clay containing various amounts of iron located in the octahedral sites were used to modify the ITO electrode, namely nontronite NAu-1, and montmorillonite (Wyoming) SWy-1. Synthetic montmorillonite SYn-1 which is iron-free clay was used for comparison.
The current densities produced by Shewanella oneidensis MR-1 upon ITO electrode
modification using NAu-1 and SWy-1 iron-containing clays were 19 and 3 times higher than that
generated using the bare ITO electrode. No current density was achieved when using the synthetic montmorillonite SYn-1 clay. The reduction peak charges increased in the same order as
the current densities. Clay particle size, film thicknesses, film porosity, surface hydrophilicity,
bacteria percent coverage, and iron content were the examined factors that might lead to these
results.
The particle size distributions were for NAu-1 <1 μm and <5 μm for SYn-1. Swy-1 exhibited a particle size distribution of 0.5 – 50 μm. The particle size analyses were NAu-1< SYn1< SWy-1 which do not follow the same trend as the current densities obtained. The porosity of
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each clay-modified electrode had been investigated using

𝐹𝑒(𝐶𝑁)"#
!
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and NaCl. The results

showed that there is no distinguished difference in the film porosity between the three clays. The
porosity experiments results indicate that the clay pores did not drive the current densities obtained by Shewanella oneidensis MR-1. Moreover, the porosity experiments prove that bacteria
cell were not able to go thru the layers. In case of SYn-1/ITO, the pores were open, but no current were obtained in presence of Shewanella oneidensis MR-1.
It had been demonstrated that the modified electrodes were completely covered by the
clay for each film thickness applied in this study. KCl was used to block the clay film interlayers
because K+ cations force the clay layers to compact each other. As a result of that, no or insignificant current was obtained for 𝐹𝑒(𝐶𝑁)"#
! . This confirmed the complete coverage of the clay on
the electrode surface.
The hydrophilicity of the electrodes surface was examined using water contact angle (θ)
methods. In general, the clay film shows more hydrophilic surface compare to the bare ITO
(θ~70.0°). In specific, NAu-1/CME showed the highest hydrophilic surface with a contact angle
of (θ~15.0°). SWy-1/CME, SYn-1/CME showed better hydrophilicity than the bare ITO with
contact angels of (θ ~ 30.0°, and 20.0°) respectively. Because the blocking clay SYn-1/CME
showed similar increase in hydrophilicity but no electrochemistry it can be concluded that increased hydrophilicity did not drive electrochemical behavior. Also, the surface hydrophilicity
does not follow the same order as the bacterial cell’s attachment. This indicates that the increase
in the attachment was not directly related to the hydrophilicity of the CMEs surfaces
The clay film ranges from 5 μm to 16 μm for NAu-1/ITO, 5.5 μm to 14.5 μm for SYn1/ITO, and from 7 μm to 16 μm for SWy-1/ITO. The films thicknesses were in the same order as

the particle sizes. Increasing the film thicknesses of NAu-1/ITO and SWy-1/ITO caused an in-
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crease in current densities obtained and the bacterial cell coverage. In the case of iron-free SYn1/ITO increasing the film thickness did not change the current densities obtained and the bacterial cell coverage. Therefore, iron content is the only factor play the main role. Iron worked as an
electron mediator and the electron mechanism here is the hopping mechanism which is one of
the known mechanisms that occurs in clay film. Moreover, Iron attracted more bacteria to attach
to the clay-modified electrode surface. Therefore, an inexpensive and nonchemical-based electrode modification technique reported herein could represent a promising modification for the
development of microbial fuel cells.
Future work:
Fe3+ was assumed herein as the mediator transferring the electrons back and forth between the electrode and Shewanella oneidensis MR-1. Further study is recommended to check
the changing in oxidation state of the iron after the two hours chronoamperometry experiment
and that can be done using Mössbauer spectroscopy. Mössbauer spectroscopy examines the
small changes in the energy levels of an atomic nucleus in response to its atmosphere. Mössbauer
spectroscopy technique allows recognizing the chemical environment and the magnetic state of
Fe. This depends on the determination of the hyperfine interactions of a natural iron's nuclear
probe (57Fe). It is especially suitable for iron valence determination (in this case, the ratio
Fe2+/Fe3+). The Mössbauer spectroscopy technique widely utilized in mineralogical studies to investigate the redox state of iron.166-170
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Figure 37. Mössbauer spectrum from identical source and absorber. 171
As shown Figure 37 the Mossbauer effect indicates that when some atoms are held tightly
in crystalline atomic structures, the gamma radiation produced by their nuclei and it is very similar to being free from recoil. It means that the photon released has the same frequency corresponding to the transitional energy between the nuclear ground state and excited state. When this
photon bearing the full nuclear transition energy reaches another similar nucleus, absorption occurs.171

Figure 38. Mössbauer spectra.172

Figure 38 shows a sample of the data obtained from Mössbauer spectroscopy. The 1/2
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and 3/2 labels represent the nuclear spin. At its simplest (blue) which called isomer shift that appears in the transmission spectrum as a shift of the minimum away from zero velocity. The interaction of the electric field gradient with the nuclear quadrupole moment causes a splitting of the
nuclear energy levels (red) for Fe, this leads individual peaks in the transmission spectrum to
split into doublets (red). This data can be analyzed using appropriate software such as WMOS or
NORMOS to determine the oxidation state of the iron in the sample.172
This technic can be used herein to determine the amount of iron reduced by the bacteria
after the oxidation experiment. Samples of the clay suspensions should be analyzed first to determine the amount of Fe3+. Samples should be powdered, dry, homogeneous and easily to be
loaded into the Fe-free sample holders.173 The proposed methods here is to remove clay from the
electrode surface, dray it in the oven, then transfer it to the sample holder. The sample powder
should cover an area of 1 cm2 in the sample holder. If the sample powder is not enough to cover
that area, the sample can be mixed with an iron-free compound such as glucose. The data obtained from the clay on the electrode can be compared with that on the clay suspensions to determine the amount of the reduced iron in the clay sample.
There was specific bonding detected between MtrC and hematite surfaces.149 There is a
direct attraction between OM C-type cytochromes and Fe+3 and localization of the cytochromes
on the cell surface. MtrC thus localized to interface between Shewanella oneidensis MR-1 cells
and hematite during Fe+3 reduction.150-151 Attenuated Total Reflection Fourier Transform (ATRFTIR) spectroscopy can provide information about the interaction between cell-surface proteins
and Fe-oxides.
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Figure 39. ATR- FTIR principle174
As shown in Figure 39, the IR beam enters the ATR crystal at an appropriate angle and
then it is totally reflected at the crystal to the sample interface. The evanescent wave is the part
of light arriving at the sample. The penetration depth of the evanescent wave depends on the
sample, refractive indices of the ATR crystal, the wavelength, and the angle of the entering light
beam. In the spectral zones where the sample absorbs energy, the evanescent wave is attenuated.
After one or several internal reflections, the IR beam exits the ATR crystal and is directed to the
IR-detector.174
ATR-FTIR can be used herein to examine the interaction between the outer membrane
cytochromes and iron oxide. This can be done by monitoring the vibration of all the functional
groups at the bacterial cell surface compensations. This includes the outer membrane proteins,
and phosphate/phosphonate and phosphodiester which located in the lipopolysaccharide layer.
The increase in the intensity of the amino acids reflects that more bacterial cells are interacting
with the iron oxide in the clay film.
The bacteria adhere to the bare and the modified electrode should be analyzed. Four different samples should be analyzed which are bare ITO, NAu-1/ITO, SWy-1/ITO, and SYn1/ITO. The finding from this experiment can be compared with the current densities obtained
with the different electrodes used in this project Applying this spectroscopy method can prove

the interaction between the outer membrane Cyt-c and the iron in clay. The proposed methods

81

here is to remove clay from the electrode surface, centrifuge it, then resuspended immediately in
100 mmol L-1 NaCl (pH 7) for FTIR experiments as it was done by Parikh and Chorover.175

Figure 40. Flavin mononucleotide (FMM)

Figure 41. Chemical structure of anthraquinone-2,6-disulfonate (AQDS)
This work can be expanded by using other metal-reducing bacteria such as Geobacter
metallireducens. Geobacter metallireducens is one of the bacteria that had been used in the
MFC. Also, this species of bacteria reduced the iron in clay which makes it a suitable candidate

to be used with the clay-modified electrodes developed in this study.
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Another idea can be done

to expand this work is to insert appropriate mediators in the clay film. Flavin mononucleotide
(FMM) and anthraquinone-2,6-disulfonate (AQDS) are suitable mediators that had been used in
the MFC to increase the power output. Even though flavin mononucleotide (FMM) adsorbed into
the clay film in case of iron clay such as NAu-1and SWy-1, it stills can be used with the iron-free
clay SYn-1. A specific interaction occurs between FMN and Fe3+ in clay. The interaction likely
occurs between the phosphate group in the FMN and Fe3+. This interaction leads to the adsorption of the FMN into the clay.176 SYn-1 clay is iron-free clay so FMN can be used with this type
of clay since no Fe-FMN reaction will happen. AQDS is one of the mediators had been used in
the MFC and with Shewanella oneidensis MR-1. As shown in Figure 41 AQDS is negatively
charged so it will not be absorbed into the clay layer. AQDS supposed to transfer the electrons
through physical diffusion mechanism.

APPENDIX A
CLAY FILM THICKNESS AS A FUNCTION OF APPLIED VOLUME OF CLAY SUSPENSION
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Figure 42. Clay film thickness as a function of volume of 5 g/L NAu-1clay suspension: R2 =
0.9961.

Figure 43. Clay film thickness as a function of volume of 5 g/L SYn-1clay suspension: R2 =
0.9957
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Figure 44. Clay film thickness as a function of volume of 5 g/L SWy-1clay suspension: R2 =
0.9964

APPENDIX B
TABULATED VALUES OF REDUCTION PEAK CURRENTS OF 𝐹𝑒(𝐶𝑁)"#
! IN DIFFERENT ELECTROLYTES AND AT DIFFERENT FILM THICKNESSES
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Table 4. Summary of reduction peak currents at NAu-1/ITO electrode for 0.3 mM Fe(CN) in
different concentrations of NaCl and KCl at 10 mV/s scan rate; Average of 3 replicates.
36

NaCl [M]

Reduction peak current μA
5 μm
14 μm

KCl [M]

Reduction peak current μA
5 μm
14 μm

0.05

685±7.2E-6

445±7.2E-6

0.05

54.5±7.2E-6

35.0±1.4E-5

0.1

665±7.1E-6

460±2.8E-5

0.1

44.0±1.4E-5

19.0±7.2E-6

0.3

655±7.1E-6

360±1.4E-5

0.3

28.5±7.1E-6

6.3±7.2E-6

0.5

645±7.3E-6

325±7.2E-6

0.5

24.5±7.1E-6

2.8±2.0E-5

0.7

585±7.2E-6

305±7.2E-6

0.7

20.5±2.8E-5

2.5±1.4E-5

0.9

545±7.1E-6

200±7.2E-6

0.9

17.4±2.8E-5

2.3±7.1E-6

1.2

525±7.1E-6

145±2.1E-5

1.2

13.4±7.2E-6

0.4±7.1E-6

Table 5. Summary of reduction peak currents at SYn-1/ITO electrode for 0.3 mM Fe(CN) 36- in
different concentrations of NaCl and KCl at 10 mV/s scan rate; Average of 3 replicates.

NaCl [M]

Reduction peak current μA
5 μm
14 μm

KCl [M]

Reduction peak current μA
5 μm
14 μm

0.05

630±1.4E-5

405±7.2E-6

0.05

46.5±7.2E-6

32.5±7.2E-6

0.1

605±7.1E-6

345±7.3E-6

0.1

38.5±7.2E-6

17.5±7.1E-6

0.3

565±7.1E-6

305±7.2E-6

0.3

24.5±7.1E-6

5.85±7.2E-6

0.5

535±7.2E-6

260±7.1E-6

0.5

21.2±7.2E-6

2.55±7.1E-6

0.7

495±7.1E-6

240±7.2E-6

0.7

18.5±7.2E-6

2.25±7.2E-6

0.9

465±7.3E-6

155±7.1E-6

0.9

17.15±7.3E-6

1.95±7.2E-6

1.2

445±7.1E-6

100|±7.1E-6

1.2

13.5±7.1E-6

0.41±7.1E-6
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Table 6. Summary of reduction peak currents at SWy-1/ITO electrode for 0.3 mM Fe(CN) in
different concentrations of NaCl and KCl at 10 mV/s scan rate; Average of 3 replicates.
36

NaCl [M]

Reduction peak current μA
5 μm
14 μm

KCl [M]

Reduction peak current μA
5 μm
14 μm

0.05

645±7.1E-6

495±7.1E-6

0.05

60.5±7.3E-6

38.5±7.3E-6

0.1

635±7.1E-6

475±7.1E-6

0.1

53.5±7.3E-6

20.5±7.3E-6

0.3

615±7.1E-6

390±1.4E-5

0.3

35.5±1.4E-5

7.9±7.1E-6

0.5

605±7.4E-6

355±7.1E-6

0.5

30.5±7.3E-6

5.8±7.1E-6

0.7

555±7.1E-6

350±1.4E-5

0.7

26.0±7.3E-6

3.0±7.1E-6

0.9

495±7.3E-6

225±7.1E-6

0.9

21.0±7.1E-6

2.2±1.4E-5

1.2

485±7.1E-6

215±7.2E-6

1.2

18.0±1.4E-5

0.6±7.1E-6

APPENDIX C
MAXIMUM CURRENT DENSITIES OBTAINED BY SHEWANELLA ONEIDENSIS MR-1
AT BARE AND CLAY MODIFIED ITO ELECTRODES
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Table 7. Summary of maximum current densities obtained by shewanella oneidensis MR-1 at bare
and the clay modified ITO electrodes at +0.2V for the different film thicknesses of each clay;
Average of 3 replicates.
Bare ITO
Current
density
μA/cm
0.07±0.006

NAu-1
/ITO
Film
thickness
μm
5

Current
density
μA/cm
0.22±0.004

SWy-1
/ITO
Film
thickness
μm
7

Current
density
μA/cm
0.08±0.002

SYn-1
/ITO
Film
thickness
μm
5.5

Current
density
μA/cm
0.00±0.00

8

0.75±0.006

10

0.11±0.001

8.5

0.00±0.00

10

1.02±0.005

12

0.17±0.002

10.5

0.00±0.00

14

1.40±0.013

16

0.20±0.001

14.5

0.00±0.00

APPENDIX D
REDUCTION PEAK CURRENT DENSITIES OBTAINED BY SHEWANELLA ONEIDENSIS MR-1 AT BARE AND CLAY MODIFIED ITO ELECTRODES
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Table 8. Summary of the Cathodic peak charge obtained by shewanella oneidensis MR-1 at bare
and clay modified ITO electrodes for the different film thicknesses of each clay; Average of 3
replicates.

Bare ITO
Cathodic
peak charge
μC
2.95±2.2E-7

NAu-1
/ITO
Film
thickness
μm
5

Cathodic
peak charge
μC
53.4±1.4E-6

SWy-1
/ITO
Film
thickness
μm
7

Cathodic
peak charge
μC
5.4±1.2E-7

SYn-1
/ITO
Film
thickness
μm
5.5

Cathodic
peak
charge μC
0.0±0.0

8

79.1±9.0E-7

10

9.2±1.2E-7

8.5

0.0±0.0

10

117.0±3.1E-6

12

15.4±3.3E-7

10.5

0.0±0.0

14

153.5±8.9E-7

16

25.9±5.2E-7

14.5

0.0±0.0

APPENDIX E
BACTERIA COVERAGE % AT BARE AND CLAY-MODIFIED ITO ELECTRODES
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Table 9. Bacteria coverage % at bare and clay-modified ITO electrodes for the different film
thicknesses of each clay; Average of 3 replicates.
NAu-1/ITO
Film thickness
μm
0 (Bare ITO)

Coverage
%
29.7±0.1

SWy-1/ITO
Film thickness
μm
0 (Bare ITO)

Coverage
%
29.7±0.1

SYn-1/ITO
Film thickness
μm
0 (Bare ITO)

Coverage
%
29.7±0.1

5

43.2±0.1

7

32.1±0.1

5.5

25.5±0.3

8

55.1±0.6

10

33.5±0.1

8.5

25.8±0.1

10

69.2±0.1

12

39.4±0.1

10.5

26.1±0.1

14

86.5±0.1

16

42.7±0.2

14.5

26.4±0.1
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